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I. SUMMARY 
Prior work in the area of drag reduction has been mainly 
limited to aqueous solutions. Theoretical and empirical analyses 
of the resulting data in aqueous solutions have been hindered by 
the fact that some polymers cause drag reduction and others do 
1 
not. A good correlation, that of Dodge and Metzner, exists for 
those non-Newtonian solutions that are not drag reducing, but it 
offers no way of predicting in advance whether or not a new polymer 
will follow the correlation, or be drag reducing, without actually 
conducting a series of friction factor experiments. 
Several theories have been offered for the phenomenon of 
drag reduction. All but one of these appear doubtful on the basis 
of data existing in the literature. Work on proving or disproving 
the remaining theory, that viscoelasticity effects are responsible 
for drag reduction, has concentrated on the phenomenological 
approach by trying to measure normal stress effects and/or elastic 
moduli. However, these effects have, in the past, proven too small 
to permit any meaningful correlations. 
This investigation was directed to the study of how the size 
and configuration of the polymer molecule in solution affected drag 
reduction and the related phenomenon of turbulence suppression. 
Apparatuses were designed and built to measure viscometric flow 
curves, friction factors, velocity profiles, and normal stresses 
(by a jet thrust technique developed by Metzner and associates). 
Turbulent friction factors were taken in six smooth tubes with 
diameters of 0. 032, 0. 046, 0. 062, 0. 5, 1. 0, and 2. 0 inches. In 
2 
addition, intrinsic viscosity and shear degradation data were taken. 
All measurements were taken in nonpolar organic solvents. 
Five concentrations of polystyrene (molecular weight about 240, 000) 
in toluene, seven of polyisobutylene L-80 (molecular weight about 
720, 000) in cyclohexane, six of polyisobutylene LMMH {molecular 
weight about 46, 000} in cyclohexane, five of polyisobutylene L-80 in 
benzene (a Theta solvent}, and nine of polymethyl methacrylate 
(molecular weight about 1, 5 00, 000} in toluene were investigated. 
Some solutions were drag reducing by almost 50 per cent while_ 
others were not drag reducing at all. Only one of the thirty-two 
solutions was non-Newtonian, and that was a one per cent polyiso-
butylene L-80 in cyclohexane solution. 
It was shown that drag reduction occurs in two separate flow 
regions: one as a result of a delayed onset of turbulence or an 
extension of the laminar range, and the other occurring at high flow 
rates after fully developed turbulent flow with ordinary Newtonian 
friction factors had been exhibited at lower flow rates. The data 




The first {laminar) region of drag reduction was shown to be 
distinct from the region of drag reduction at higher flow rates, and 
three explanations of the experimentally observed differences have 
been offered. 
A theory was offered to describe the mechanism of drag re-
duction at the high flow rates based on the relaxation time of the 
polymer molecule in solution. It was postulated that turbulence 
suppression {which always precedes drag reduction in the turbulent 
region) occurs when the characteristic time of the flow becomes 
shorter than the relaxation time of the molecules. At characteristic 
flow times beyond this point, drag reduction will occur because high 
frequency eddies are transformed into low frequency eddies, a pro-
cess which results in reduced viscous dissipation in turbulent flow. 
The theory of drag reduction proposed for the upper flow range 
was tested with the data of this investigation. The theory predicts 
that there will be a critical Reynolds number where the characteristic 
time of flow equals the relaxation time of the polymer molecule. The 
relaxation time of the polymer molecule is proportional to a product of 
the intrinsic viscosity, molecular weight, and solution viscosity, 
according to the theory of Zimm. Fair agreement was found between 
the experimental results and calculations based on the theory for the 
presence or absence of drag reduction and for the prediction of the 
critical Reynolds num her. 
From the experimental portion of this investigation and in 
accordance with the above theory, it was found that the amount 
of drag reduction in turbulent flow is directly related to the 
molecular size and configuration of the polymer molecule. The 
effect of an expanded configuration of the polymer molecule in 
4 
solution is to increase drag reduction. Drag reduction was increased 
at the maximum flow rate in the 0. 5 -inch tube by 2.5 0 per cent for 
polyisobutylene L-80 in cyclohexane, as compared to the Theta solvent. 
It was also found that higher molecular weights increase drag 
reduction, confirming the work of Fabula in aqueous polymer solutions 
and also in accord with the above theory. 
It was noted that each diameter tube seemed to have its point 
of maximum drag reduction at a given flow rate at a different concen-
tration, with the maximum in smaller tubes occurring at lower 
concentrations. The critical Reynolds number at the point of incipient 
turbulence suppression appears to be proportional to approximately 
the first power of diameter. 
II. INTRODUCTION 
The reduction in pressure drop caused by the introduction 
of a small amount of additive to a solvent in turbulent pipe flow 
was first noted in the days of World War II. This phenomenon is 
called drag reduction. Since that time many examples of drag 
reducing fluids have been found. The petroleum industry has been 
able to take practical advantage of drag reduction in its fracturing 
operations. Several companies market additives especially for 
fracturing operations. 
5 
Prior to the present investigation, a clear picture has not 
been offered of the molecular mechanism of drag reduction which 
permits laboratory measurements to predict behavior in the field. 
Clouding the mechanistic picture is the fact that most drag reducing 
fluids studied previously were also non-Newtonian. 
Several mechanisms of drag reduction have been proposed. 
Most of these can now be discarded on the basis of existing data, as 
will be shown subsequently. 
The purpose of this investigation is to study drag reduction 
in solutions where the additive molecules, which are high molecular 
weight polymers, assume configurations that can be described by 
thermodynamics. The polymer and solvent properties which are 
significant in causing drag reduction will be shown. It will also be 
6 
shown that drag reduction occurs in two separate regions of flow 
behavior. A molecular mechanism of drag reduction will be offered 
for each region, and comparisons will be made between the observed 
phenomenon and predictions from theory. 
7 
III. LITERATURE REVIEW 
The literature review covers seven general topics: (1) 
classification of fluids, (2) flow of Newtonian fluids in smooth 
round tubes, (3) flow of non-Newtonian fluids in smooth round 
tubes, (4) the phenomenon of drag reduction, (5) theories of drag 
reduction, (6) dilute polymer solutions, and (7) elastic properties 
of polymer solutions. 
Classification of Fluids 
Fluids are classified by rheologists according to the behavior 
of the viscosity coefficient over the flow conditions at a given temper-
ature and pressure. Newton's law of viscosity states that the shear 
force per unit area (defined as the shear stress) is proportional to 





dU \ ) (1) 
where tJ. 1s the fluid viscosity. 
A Newtonian fluid is classically defined as any fluid for which 
tJ. is independent of shear stress and shear rate (1 0, 26, 70 ). A non-
Newtonian fluid is any fluid for which tJ. is a function of the shear 
stress (and thus the shear rate) and/ or other parameters such as 
time of stress, extent of deformation (strain), or stress history. 
Many excellent reviews of non-Newtonian fluids are available, and 
8 
the reader is referred elsewhere for a complete discussion (10, 16, 
30, 81, 82, 85, 94, 140, 147). This review of non-Newtonian fluids will 
be limited to those types of direct interest and application to this 
investigation. 
Most standard fluid mechanics texts state that all gases and 
most simple liquids are Newtonian fluids and obey Equation (1 ). But 
clas sica! examples of Newtonian fluids have been studied recently 
under extreme conditions, and possible viscoelastic effects have 
been observed. For example Reiner reported evidence of visco-
elastic ):c behavior in both air ( 11 0) and toluene ( 111 ). 
Porter and Johnson observed a decrease in viscosity of a 20-
poise bright stock, which is a high-viscosity petroleum fraction used 
for the compounding of motor oils (92 ), at shear rates of 20, 000 recip-
rocal seconds in a rotational viscometer (1 OS). Ram found similar de-
creases in 62 per cent glycerol in water, ethylene glycol, 45 per cent 
sucrose in water, 60 per cent light paraffin oil indecalin, and N. B.S. "H" 
* Viscoelastic fluids are fluids that exhibit both viscous (liquid) 
and elastic (solid) properties. A viscous material has the 
property that when a given stress is applied it tends to flow in 
such a manner as to release the applied stress. Elastic 
materials retain a stress that is invariant with time after 
application. Thus, when a stress is applied, a viscoelastic 
fluid will dissipate energy by flowing and will store energy 
which will then be released at some later time. 
9 
oil above shear rates of the order of 55, 000 to 65, 000 reciprocal 
seconds, also in a rotational viscometer (107). Both Porter and 
Johnson and Ram attributed their results to non-Newtonianism. * 
In view of these results a Newtonian fluid will be defined here 
as any fluid whose rheological behavior is expressed by Equation (1) 
over the shear stresses and shear rates of interest, regardless of 
its behavior outside of these ranges or of the magnitude of elastic 
properties so long as they have a negligible effect on the viscosity-
shear stress curve (i.e. , flow curve). 
Apparent viscosity is defined as the ratio of the shear stress 
to the shear rate at any point on the flow curve. In moderately con-
centrated solutions of many polymers, the apparent viscosity decreases 
with shear rate, and such behavior is called shear-thinning or 
pseudoplastic. 
In 1926 Ostwald and Auerbach postulated that the behavior of 
pseudoplastic fluids, particularly polymer solutions, is characterized 
>:c However, some contradictory results have recently been offered 
by Appeldoorn, Okrent, and Philippe££ who measured a variety 
of similar nonpolyn1er oils in a vibrating crystal viscometer at 
shear rates up to 350, 000 reciprocal seconds {3 ). In all their 
solutions the high shear viscosities were the same as the Ubbelohde 
viscosities, and there were no measurable elastic effects. Thus 
viscous heating cannot be ruled out in the interpretation at the 
results of Ram and Porter and Johnson. 
by three distinct regions: (l)a Newtonian region at low rates of 
shear, (2) a non-Newtonian region where the apparent viscosity 
decreases with increasing rates of shear, and (3) a Newtonian 
region where the viscosity reaches a limiting value at extremely 
high rates of shear (96 ). Most pipe flow experiments are con-
ducted in the second region. Hence it is desirable to be able to 
describe mathematicaLly the rheological behavior in this pseudo-
plastic region. 
The literature abounds with rheological models proposed 
by various investigators in order to characterize non-Newtonian 
fluids. The most widely used is the Ostwald-de Waele or power 
law equation: 
(2) 
Even more general is the equation of Rabinowitch ( 106) and Mooney 
(89) for laminar flow through round tubes: 
D~P 
4L = 
where Tw is the shear stress at the wall, D the tube diameter, 
(3) 
~P/L the pressure drop per unit length, V the average velocity, 
and K' and n' rheological parameters. 
10 
Equation (3) is a rigorous mathematical relation independent 
of any assumptions about fluid behavior and constancy of K' and n'. 
1 1 
The only two assumptions in the original derivation were no slip at 
the tube wall and purely viscous behavior. For the special case of 
a power law fluid, n equals n', and K and K 1 are simply related (29 ). 
It can be shown that 1n laminar flow the shear rate at the 





from Equation (3 ). 
= 
w 
3n' + 1 
4n' 
d (log Tw) 
d(log8V/D) 
/~ ~ (4) 
, D . 
(5) 
Capillary viscometers are widely used by rheologists to 
characterize the relationship between shear stress and shear rate. 
By varying tube diameter and inlet pressure, wide ranges of shear 
rates may be obtained. By using various tube diameters the presence 
or absence of slip at the wall is readily ascertained depending on 
whether or not there exists a continuous flow curve for all tubes (85, 
94 ). Furthermore a statistical estimate of the confidence interval 
on the parameters characterizing the fluid can be calculated. Heating 
effects are negligible except under the most extreme conditions (53, 
85 ). The principal disadvantage to capillary viscometers is the 
relatively long time required to characterize the particular fluid 
over the ranges of interest. 
12 
Rotational viscometers in which the viscosity is calculated 
from the measured torque are also in common use. Many of these 
instruments will automatically plot shear stress versus shear rate 
curves, and the time required for measurement is an order of 
magnitude smaller than for capillary measurements (85 ). Further-
more, rotational viscometers are very useful in characterizing 
time-dependent fluids. They generally have the property of measur-
ing apparent viscosity at a single uniform shear rate. A disadvantage 
may be that in spite of careful design temperature rises in the sample 
during characterization may lead to apparent pseudoplasticity where 
none exists (3 ). 
Characterization of non-Newtonian fluids by various types of 
viscometric apparatuses has been treated extensively, and the reader 
is referred elsewhere for a complete discussion (48, 81, 85, 147). 
Flow of Newtonian Fluids in Smooth Round Tubes 
It is shown in most fluid mechanics texts that for turbulent 
flow through smooth circular conduits the friction factor and Reynolds 
number are the two dimensionless groups obtained from a dimensional 




where p is the fluid density and 1J. the fluid viscosity. 
Perhaps the most commonly used friction factor is the 




where gc is the gravitational conversion factor. 
(6) 
( 7) 
By rearranging the well-known Hagen-Poiseuille equation, 
one obtains for laminar flow 
f = 16/NRe (8) 
In turbulent flow, friction factors for smooth round tubes 
were correlated with Reynolds number by Nikuradse in 1932 in 
the following form ( 116 ): 
1 
= 4. 0 Log (NRe ,.,ff) - 0. 40 (9) 
Nikuradse conducted experiments in water at Reynolds 
13 
numbers from 4000 to 3, 240, 000 and used the best literature data 
in addition to his own in obtaining Equation (9 ). This equation is 
generally known as the von Karman equation since von Karman first 
derived the form of the equation by integrating the universal velocity 
distribution equations (discussed later) across the tube radius (70). 
14 
Equation (9) is still today the best relationship between friction 
factor and Reynolds number for the turbulent flow of Newtonian 
fluids. 
Of equal interest to this investigation are velocity profile 
distributions for the turbulent flow of Newtonian fluids. Consider-
able difference of opinion exists in the literature regarding the 
best form of equations to describe velocity distributions in turbu-
lent flow. The logarithmic distritution law for tube flow was derived 
by Prandtl using his mixing length theory and is of the form (70): 
u+ == A+B Log y+ (1 0) 
with 
u+ == u ;u~:~ (11) 
y+ 
== Y u~:< p /1-L (12) 
u-·-
-·-
== v tJT/2 (13) 
where Y is the distance from the wall, and y+ is a modified 
Reynolds number involving the friction velocity u~~. Equation (1 O) 
was proposed for the velocity distribution of the central portion of 
the tube outside of the laminar sublayer. Prandtl also reasoned that 
in the region closest to the wall, where viscous effects dominate, 
u+ should equal y+. 
Nikuradse attempted to test the logarithmic distribution law 
by experimentally determining velocity profiles in water over 
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Reynolds numbers ranging from 4000 to 3, 200, 000 in five different 
sizes of tubes (116). He found that Equation (lO)was approximately 
correct, but his data, some of which were in the range of y+ where 
Prandtl postulated the laminar sublayer, failed to indicate any 
laminar sublayer. 
Nikuradse incorrectly assumed that pitot error was respon-
sible for the noted discrepancy and apparently added 7. 0 to every 
+ 
value of Y (88, 116 ). Thus Nikuradse reported incorrect values of 
5. 5 for A and 5. 75 for B for Equation (10) which were obtained from 
the shifted data. Ross recalculated Nikuradse's original data and 
reported that a value of 5. 6 for both A and B represented the best 
fit of Nikuradse's data in the region up to Y/R = 0.15 (115). Further-
more, Ross concluded that Equation (10) should be applied only up to 
+ . Y/R = 0. 15 (withY always greater than 20), and von Karman's 




1 ( ln (1- ,Ji-Y/R) +,JI-Y/R] 
used between Y /R of 0. 15 and Y /R of 1. 0. Ross gave a value for 
(14) 
tt of 0. 30 based on Nikuradse' s data. However, many fluid mechanics 
texts still recommend Equation (10) over the entire turbulent core in 
the pipe. 
Deissler measured velocity profiles in air at Reynolds 
numbers ranging frorn 8000 to 220, 000 {28), and found that his data 
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were best described by setting A equal to 1. I. 36 and B to 3. 8 in 
Equation {10) above y+ values of 26. Deissler also derived an em-
pirical formula to correlate his data in the buffer layer. 
Careful examination of Deis sler' s data, Nikuradse 1 s data, 
and the data of practically every other investigator who measured 
velocity profiles reveals that the data when represented in the form 
of Equation {1 0) are actually parabolic in shape when compared to a 
plot of Equation {10) using suitable values for the constants. 
For the sake of illustration the velocity profiles of Bunch 
{23) and Tao {138) in air are shown in Figures 1 and 2. The 
reference line in Figures 1 and 2 was calculated from Equation {1 0) 
using the constants of Nikuradse {116 ). At the low and high values 
+ of Y , the data tend to slope away from the intermediate values. 
Since almost all the best experimental data available show 
small but consistent deviations from the logarithmic distribution 
law, Equation {10), it may be fairly concluded that Equation {10) 
does not completely describe the velocity profile distribution (116 ). 
This is true even when the equation is restricted to limits of y+ 
greater than 20 and Y /R less than 0. 15, as proposed by Ross. 
Many fluid mechanics texts prefer to represent velocity pro-
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of the difference between the centerline velocity and the point 
velocity and the friction velocity is called the velocity defect or 
deficiency. The simplest equation for velocity deficiency is that 
obtained by integrating Equation (1 0) with Nikuradse' s constants 
subject to the boundary condition U equals Umax at Y equals R: 
Umax- U 
= - 2. 5 ln Y /R ( 15) 
U* 
Equation (15) represents experimental data surprisingly well when 
one considers the assumptions made in its derivation and its 
simplicity (70 ). 
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In attempts to obtain an equation which adequately represents 
velocity profiles over a wide range of Reynolds numbers, Millikan, 
Reichardt, Hinze (64 ), and Bogue and Metzner {15) have proposed 
empirical corrections to Equations (1 0) or (15) in order to improve 
the correlation. These corrections may be shown as 
C = A logy+ + B (16) 
In the cases of Millikan, Reichardt, and Hinze, C is a function of 
Y I R. Their equations differ only in the values of A, B, and C 
recommended, whereas Bogue and Metzner have suggested that C 
should be a function of the friction factor as well as Y /R. 
As of this writing none of these correction factors has been 
used extensively in spite of the fact that they significantly improve 
the correlations. Many experimentalists prefer to plot their data 
simply as U or U/Umax versus Y/R. The true shape of the profiles 
is best depicted by such graphs. 
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There are many other more recent equations in the literature 
for velocity profiles of Newtonian fluids. Most of these fit data over 
fairly small ranges. Hence only the classical equations have been 
reviewed here. 
Flow of Non-Newtonian Fluids in Smooth Round Tubes 
Polymer solutions and suspensions are the non-Newtonian 
fluids whose fluid properties have been studied most widely. Since 
this investigation is concerned with polymer solutions, the reader is 
referred elsewhere for reviews of non-Newtonian slurries and sus-
pensions (16, 82, 140). 
The earliest investigator in the area of turbulent flow of non-
Newtonian polymer solutions was Shaver (129, 130). Shaver took 
more measurements on more solutions than any subsequent investi-
gator of non-Newtonian solutions. Shaver measured friction factors 
in six solutions of sodium carboxyn1ethyl cellulose (CMC ), seven of 
ammonium alginate, and one each of polyvinyl alcohol and Carbopol, 
all in water. In addition he measured friction factors of 0. 5 per 
cent polyisobutylene {PIB) B-1 00 in cyclohexane. 
Shaver measured friction factors in five tubes sizes, 0. 182 
inches, a·. 372 inches, 0. 500 inches, 0. 624 inches, and 0. 709 inches. 
However, before correlating his data he discarded the results in the 
0. 182-inch tube when he discovered that the water friction factors 
were inconsistent and not in agreement with the von Karman relation, 
Equation (9 ). 
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Shaver derived a Reynolds number, now widely referred to 
as the power law Reynolds number, from dimensional analysis con-
siderations and the integration of the velocity profile of a power law 
fluid [characterized by Equation (2 )] in laminar tube flow: 
-n 
= [ 2(3 + 1/n)] (17) 
Using this Reynolds number, with K and n being determined 
from shear stress-shear rate plots from a rotational viscometer, he 
was able to obtain a NRe - f correlation based on an extension of the 
Blasius equation. His solutions ranged from Newtonian behavior 
down to a value of n of 0. 53. 
Shaver also repeated the classic experiment of Osborne 
Reynolds in one of his most pseudoplastic solutions (n = 0. 54), 0. 35 
per cent CMC. He injected a pigmented dye into a 3/4-inch lucite 
tube at various points. From photographs and his visual observations 
he concluded that turbulent vortices are significantly repressed in 
the turbulent flow of 0. 35 per cent CMC when compared to water. 
Non-Newtonian turbulent flow technology was further advanced 
by the work of Dodge (29, 30), whose thesis was finished some months 
after Shaver's. Dodge measured friction factors in three pipe sizes, 
1 I 2, 1, and 2 inches in diameter. He studied aqueous solutions of 
Carbopo 1 934 (four concentrations), Attagel (Attasol) clay suspensions 
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(three concentrations), and CMC {two concentrations). He used the 
generalized non-Newtonian Reynolds number of Metzner and Reed 
(84 ): 
N' 8V2p 
Re - gcK' /8V~ 
. D . 
(18) 
in a theoretical analysis for turbulent flow of non-Newtonian fluids. 
His resultant equation was a generalization of the von Karman 
equation, Equation (9 ), and reduced to Equation (9) for the case of 
n' equal to unity: ,. 
~li 1£ = 4,0 
\ 
(n') 0. 75 Log N' Re 
l 
n' t 
1- z-1 (£) ! 
- 0.40/(n')l. 2 (19) 
It is of special interest to note that his data for Carbopol 
934 and Attagel clay were extremely well represented by Equation 
( 19 ), whereas his CMC data were nowhere close. In the laminar 







However, when NRe reached a value greater than about 25 00, the 
CMC friction factors were lower than those predicted by Equation 
(19 ). Furthermore, a large diameter effect was present as evidenced 
by a separate line for each tube, with the 1/2-inch friction factors 
I 
lowest and the 2-inch highest for any given turbulent NRe' 
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All Dodge's solutions were very pseudoplastic, the Attagel 
suspensions ranging between an n' of 0" 22 and 0. 68. The Carbopol 
solutions ranged from ann' of 0. 43 to ann' of 0. 73, Only two of 
his solutions were power law fluids. 
None of Shaver's friction factors really fits Dodge's correla-
tion well. Of Shaver's solutions, only CMC was sufficiently pseudo-
plastic to have a value of n less than 0. 7, A recent criticism (82) 
of Shaver's correlation includes the remarks that CMC solutions 
are poorly represented by the power law in the range of Shaver's 
friction factors. Practically all of Shaver's friction factors fall 
below those predicted by Equation (19). 
Dodge attributed the anomalous behavior of CMC to probable 
viscoelastic effects present in CMC but not in Carbopol 934 or 
AttageL 
Since the two important advances in the knowledge of the 
turbulent flow of non-Newtonian fluids that the theses of Shaver and 
Dodge represent, progress has been slower. The engineer is always 
interested in predicting plant behavior from as little data as possible. 
But in a comprehensive review of non-Newtonian pipe flow correla~ 
tions, Bowen (16) concluded that it is impossible to predict with con-
fidence the pres sure drop of non-Newtonian fluids flowing in pipes 
strictly from flow curves obtained from any type of viscometer. 
Bowen recommends pilot plant scale studies in at least three pipe 
sizes with a four to one diameter range and presents an empirical 
scaleup technique for non-Newtonian fluids based on such data. 
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Investigations in the turbulent flow of non-Newtonian polymer 
solutions since Shaver and Dodge have concentrated either on obtain-
ing data for the empirical scaleup of a particular fluid for a specific 
application [ e. g. , reference (75 )] or on proving or disproving 
Dodge's hypothesis that viscoelastic effects were responsible for 
the anomalous CMC friction factors obtained by Shaver and Dodge. 
Meter measured friction factors of seven aqueous solutions 
of Natrosol hydroxyethylcellulose in 1/2- and l-inch tubes along 
with a 0. 4 per cent Carbopol 934 solution (82, 83 ). Meter's friction 
factors for Natrosol, when compared with Dodge's correlation, pro-
duce the same anomalous type of plot as Dodge's CMC data. 
Meter devised a purely empirical correlation to represent 
his Natrosol friction factor data and the CMC data of Dodge. In 
order to visualize qualitatively the effects of turbulence suppression 
Meter repeated the dye-injection experiments of Shaver in all his 
Natrosol solutions, with about the same results as Shaver reported. 
Meter attempted to obtain a quantitative estimate of the visco-
elastic properties of these solutions as well as of CMC solutions such 
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as those studied by Shaver and Dodge on a specially designed cone-
and-plate rheogoniometer and the Birnboim-Ferry apparatus. 
Rheogoniometers have been widely used to obtain a quantitative 
measure of the normal stress effect in polymer solutions by the rise 
in height of fluid in capillary tubes attached to a stationary plate, 
under which a conical surface is rotating [e. g. see reference {48)]. 
The Birnboim-Ferry apparatus consists of a rod immersed in a 
cylinder of fluid and driven sinusoidially {11 ). Properties indicative 
of viscoelastic behavior are calculated from a rigorous solution to 
the equation of motion for this system. 
Meter found that these apparatuses were not able to obtain 
quantitative estimates of the viscoelastic properties of his Natrosol 
solutions over the range of interest. Furthermore, Meter found 
that Carbopol solutions were actually more elastic than CMC at 
infinitesimal shear rates, in apparent contradiction to Dodge's 
hypothesis. Meter attributed the elasticity of Carbopol to gel 
characteristics. 
Metzner has also attempted to prove that viscoelasticity 
effects were the cause of the anomaly of Dodge's and Shaver's CMC 
friction factors. In the first step, Metzner and co-workers developed 
a series of instruments based on theories of flow of laminar jets 
issuing from a capillary tube {54, 65, 86, 132, 133, 145, 150, 152) which 
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were capable of measuring normal stress effects at high shear rates. 
Recently Metzner and Park (87, 101) studied the turbulent flow of 
.J-lOo~:c, CMC-70S, and Carbopol inwater. Normal stress measure-
ments were taken by Park on the .J -100 and CMC-708 solutions. Park 
defined two new quantities through dimensional analysis, one of which 
represents the ratio of elastic to viscous forces and the other the 
fractional suppression of turbulence. With these quantities Park was 
able to make a correlation of his .J -100 friction factor data. However, 
even though the CMC-70S appeared to be highly viscoelastic, as indi-
cated by the normal stress data, the normal stress-shear rate curves 
were discontinuous and hence not useful quantitatively. 
In their paper (87) Metzner and Park report data not in Park's 
thesis which indicate that a 0. 6 per cent Carbopol solution exhibits 
no measurable normal stress effect. This is in direct contradiction 
to the results of Meter discus sed earlier. However, Meter indicated 
that his Carbopol formed a gel network which would have only 
partially broken down under the relatively gentle handling from dis-
solution to measurement. Thus if Metzner and Park's data were 
based on a Carbopol solution that was pumped through a capillary 
jet, the gel network may have been destroyed, thus accounting for 
>:c J -100 is the trade name for an additive manufactured by the Dow 
Chemical Company. Its chemical nature has not been published 
( 1 01 ). 
their results in comparison to Meter's. Also yield stresses have 
been found in Carbopol solutions (40 ). 
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The results of the viscoelastic studies to date have led 
Metzner to conclude that certain non-Newtonian polymers and sus-
pensions may be classed as purely viscous (85, 87 ). These purely 
viscous fluids are described in laminar and turbulent flow by Equation 
(19) as determined by Dodge. On the other hand, fluids such as dilute 
solutions of CMC and J -100 are highly viscoelastic, exhibit delayed 
transitions to turbulence, and possess friction factors with a large 
diameter effect which are as much as fivefold below those predicted 
by Equation (19 ). 
Shaver also measured velocity profiles in his 0. 624- and 
0. 709-inch tubes in representative solutions (129, 130). He corre-
lated his data on the basis of velocity deficiency plotted against Y /R 
with n as parameter for a family of curves. On the basis of the shape 
of the curves, Shaver concluded that at every value of Y/R at which 
he was able to make measurements the profile became steeper as n 
decreased from unity (the Newtonian value). 
In addition to Shaver's, three other independent investigations 
have been made in order to compare turbulent non-Newtonian velocity 
profiles with Newtonian profiles. Bogue (14, 15) measured the 
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velocity profiles of Carbopol and Attagel solutions in water in 2-inch 
and l-inch pipes, and he was able to attain profiles at higher N~e' s 
than was Shaver. After careful measurements Bogue concluded that 
there were no significant differences between the Newtonian and non-
Newtonian profiles when plotted on the basis of velocity deficiency. 
Clapp measured friction factors and velocity profiles in dilute 
solutions of Carbopol (25 ). Eissenberg replotted Clapp's friction 
factor and velocity profile data and found them both to be almost 
Newtonian (32). 
Eissenberg also measured velocity profiles and friction 
factors of aqueous solutions of theria in a 1. 6-inch tube (32, 33, 34 ). 
Eissenberg' s data show a small trend toward steeper profiles in the 
region close to the wall. However, the scatter in the data* preclude 
any quantitative relationship, and the conclusion is that the turbulent 
velocity profiles in non-Newtonian fluids and in Newtonian fluids are 
very similar. 
We Us ( 149) and Ernst (3 6) took velocity profiles in non-
Newtonian guar gum and CMC solutions, respectively. Their results 
will be discussed in detail in the next section. 
~:< The experimental difficulties in measuring velocities with a small 
pitot tube in a concentrated suspension are obvious. 
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The Phenomenon of Drag Reduction 
During World War II Agoston and associates investigated and 
compared the turbulent flow of gasoline and of napalm in a 1 /8-inch 
tube ( 1 ), Napalm is gasoline thickened with an aluminum disoap 
additive which causes a gel-like structure. They found that the pres-
sure drop due to pipe skin friction was as much as 70 per cent less 
at roughly 11 gpm. In 1949 Mysels received a patent on additives of 
this type which reduce pipe skin friction (91 ). At about the same 
time Toms published data on the laminar and turbulent flow of poly-
methyl methacrylate (PMMA) in monochlorobenzene (142 ). From 
Toms 1 plots of his data it was obvious that in considering any one 
flow rate the effect of increasing the concentration of PMMA was to 
lower the pressure drop until a minimum was reached. The effect 
of further increase in concentration was to increase the pressure 
drop gradually, eventually exceeding that of the original solvent. 
Savins was the first to describe this phenomenon as drag 
reduction (121 ). His drag ratio (herein called DR) is the ratio of 
the observed pressure gradient for the solution in question to the 
observed pressure gradient for the solvent under the same flow 
conditions (122): 
(.6.P) Fluid (21) 
(.6.P) Sol vent 
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From Equation (21) the definition follows that any flu1d whose 
drag ratio, DR• is less than unity is a drag reducing fluid. There 
is much confusion and improper usage in the literature regarding the 
term "turbulence suppression. 11 For the purposes of this investiga-
tion, turbulence suppression will be defined as the decrease in the 
observed friction factor of a fluid compared to that predicted by Dodge 
and Metzner 1 s correlation for purely viscous fluids, Equation ( 19 ). 
Under this definition thoria slurries which follow Dodge and Metzner's 
correlation are not to be considered as turbulence suppressing even 
though their friction factors fall below the n' of unity friction factor 
predicted by Equation { 19 ). These fluids are also non-drag reducing. 
Rothfus and Prengle studied the laminar-turbulent transition 
in water and found that for a highly disturbed entrance turbulent 
eddies were formed between Reynolds numbers of 1500 and 3500 {117). 
Since the von Karman equation, Equation (9 ), applies to Reynolds 
numbers above 4000, the range between 1500 and 4000 is a region of 
indeterminancy where the friction factor-Reynolds number curve is 
poorly defined. Hence the curves of DR versus some function of 
flow rate are discontinuous in that region. 
Meter reviewed the numerous non-Newtonian Reynolds 
numbers in the literature {82). It appears that none of these 
Reynolds numbers correlatesall the data published on non-Newtonian 
31 
flu1ds. The two mo::>t popular ones, N° and N 1 , have already 
Re Re 
been introduced, and the others also fail to provide a basis common 
to all non~ Newtonian fluids. 
A convenient solution to the discontinuity in the drag ratio-
flow rate curve and to the lack of a "universal" non-Newtonian 
Reynolds number is to prepare plots of friction factor versus solvent 
Reynolds number, which 1s deflned as: 
N ·- . D_V_p_ 
ReS 11 5 
(22) 
where 11 5 is the viscos1ty of the solvent at the temperature of the 
fluid .. Friction factor ... solvent Reynolds number plots do not mask 
effects that can be suppressed by some of the non-Newtonian Reynolds 
numbers which tend to crowd data points together. The drag ratio is 
clearly shown by co.mparing a particular point with the Newtonian 
reference line at the same NReS' since for all polymer solutions to 
be considered subsequently the density of the solution and solvent are 
practically the san'leo Thus the drag raho, DR, is equal to the ratio 
of the friction factors. 
Savins recalculated Toms 1 data for the 0. 25 per cent PMMA 
in monochlorobenzene solutions (121). He replotted the laminar 
points in the form of Tw versus SV/D and found that n' for that 
solution was 0. 992, which indicates that Toms 1 solution was Newtonian. 
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As a part of this investigation all of Toms' data have been 
recalculated and replotted as friction factor versus solvent Reynolds 
number. Figures 3 through 5* present Toms' data for the pure 
solvent, monochlorobenzene, and for the eight concentrations of 
PMMA that he studied. In Figure 3 the 0. 313 gms/liter PMMA 
solution (the lowest concentration that Toms ran in both his 0. 050-
and 0. 159-inch tubes) is clearly drag reducing when compared to 
the Newtonian reference lines. The diameter effect is noticeable, 
with the small tube appearing to be only slightly displaced from an 
extension of the laminar line. In Figure 4, all three concentrations, 
0. 625, 1. 25, and 2. 5 gms/liter are grouped together according to 
tube diameter. In Figure 5, it is evident that the point of maximum 
drag reduction had been passed in Figure 4. The 10 and 20 gms/ 
liter solutions still appear to be in laminar flow at the highest flow 
rates Toms was able to attain. From Toms' original plots, it is seen 
that maximum drag reduction occurs at a concentration of __ z. 5 gr::ns/ 
... • -~-<> 
liter_in th_~ Q~ _ _!59-inch tube and ~~ .. 0. 5 gms/liter in the Q_: .. O.?.O.::!E-ch 
--fll:be. 
By 1960 the phenomenon of drag reduction was well enough 
known that industry was marketing additives to reduce friction loss 
in pipes during fracturing treatments in oil wells. Ousterhout and 
*Equation (8) was used from Nae=420 to Nae=2100, and Equation 
(9) was used from Nae=3000 to Nae=590, 000 in plotting the Newtonian 
lines. Complete details of the recalculation of Toms' data and those 
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Hall found that the friction losses in water may be reduced by as 
much as 70 per cent, thus permitting higher injection rates with 
existing equipment and completion of wells with smaller and less 
expensive casings (97 ). 
The friction factor data of Shaver ( 129 ), Dodge (3 0 ), and 
Meter (82) have been recalculated and replotted as friction factor 
versus solvent Reynolds number in order to compare their data 
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with each other and with Toms' data. Figure 6 shows a typical set 
of Shaver's CMC data. Although his four diameters are relatively 
close, the effect of diameter is nonetheless sharply delineated, with 
the lowest diameter exhibiting the lowest friction factor at any one 
Reynolds number. The solution becomes drag reducing at solvent 
Reynolds numbers between 61, 000 (3/8-inch tube) and 92, 000 (3/4-
inch tube). The data show no sharply defined transition to turbulent 
flow but a gradual bending after the solution becomes drag reducing. 
Both concentrations of Dodge 1 s CMC solutions are plotted 
together in Figure 7. In Dodge's data, the diameter effect is larger 
because of his 3. 3 to 1 diameter ratio. The curvature of friction 
factors below the Newtonian line is even more pronounced than in 
Shaver's data. Again there is an absence of a sharply defined laminar-
turbulent transition. 
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concentratlons of Natrosol type G. The range of Meter's data is 
sufficient to show breaks indicat1ve of probable laminar --turbulent 
transitions (although some technique such as hot wire anemometry 
would have been necessary to tell for sure). In the case of his LO 
and 1. 5 per cent solutions, the 1-lnch tube transition 1s above the 
region of drag reduction, and the frichon factors are tending 
asymptotically toward the Newtonian line at high Reynolds numbers. 
However the 1 I 2- inch tube data show drag reduction at all 
concentrations. The transJ.tion is moved to higher solvent Reynolds 
numbers as the concentration :increases. Beyond the transition, the 
friction factors bend in much the same manner as those of Dodge in 
Figure 7. 
Figures 9 and 10 show Meter's Natrosol type H fr1ction 
factor data plotted in the same manner. In the 0. 3 per cent runs 
there are slight d1scontinuities 1n the trend of the data that might 
indicate a transition. But the 0. 5, 0. 7, and 1. 0 per cent solutions 
appear to behave in a manner similar to the CMC data of Dodge and 
Shaver. 
lnFi.gures 11 and 12, Carbopol data of Dodge and Meter 
are plotted, respectively. Meter 1 s solution was more v1scous than 
those of Dodge, and as a result he never got past the laminar-turbu-
lent transition. In Figure 11, it is seen that after the transition 
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friction factors were roughly parallel to the Newtonian curve. Figure 
11 is typical of all Dodge's Carbopol and Attagel data. There are 
no regions of drag reduction in Figure 11 or in the rest of his Carbo-
pol and Attagel solutions. 
Shaver's ammonium alginate data are of special interest since 
ammonium alginate is very similar chemically to CMC, with the 
alginate containing the group -COO-NH4 + instead of the group 
- + 
- CH2 0CH 200 Na in CMC (129 ). Figures 13 and 14 show all of 
Shaver's friction factor data on alginate solutions. The trend for all 
concentrations is the same. The alginate friction factors feature a 
laminar region extending to much lower values of friction factors 
than Carbopol or Newtonian fluids. Thus the friction factors are 
drag reducing in the upper laminar region where f is less than 16/2100 
and in the transition region until fully developed turbulence is 
approached. Past this point the friction factors lie above the 
Newtonian line, resembhng the Carbopol solutions. Furthermore, 
the d1ameter effect in the turbulent region is relatively small as is 
seen in both figures. 
Figure 15 is a friction factor-solvent Reynolds number plot 
of Shaver's 1. 5 per cent solution of aqueous polyvinyl alcohol (PVA). 
This fluid behaved as the a1nmonium alginate.. There is definite drag 
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region. As shown by Shaver in his thesis, the friction factor points 
in the turbulent region would be on the Newtonian line if the solution 
Reynolds number were used (1. 5 per cent PYA is a Newtonian fluid). 
Recently Onogi investigated PYA at concentrations of four per 
cent and higher, and he found that his solutions were very elastic 
{95). T~us PYA, CMC, and Natrosol polymers are all viscoelastic 
in their higher concentrations in water, but only CMC and Natrosol 
have been shown to be drag reducing at high flow rates. Obviously 
more work on PYA friction factors is indicated by these results. 
Polyisobutylene (PIB) is also a highly viscoelastic material, 
both in solution and in the melt, particularly in the higher molecular 
weight range. PIB has been called the classic example of a visco-
elastic material ( 14 ). The only turbulent flow data on PIB solutions 
which have been published to date are those of Shaver. Shaver had 
time for only a preliminary investigation of 0. 5 per cent PIB B-1 00 
dissolved in cyclohexane. Figure 16 shows the data for the solvent 
along with those of the fresh and degraded solutions. Shaver's cycle-
hexane was impure, as he pointed out in his thesis and as is obvious 
from the viscosity Shaver measured, and the solvent friction factors 
deviate from the Newtonian line much more than do Shaver's PYA 
and water friction factors. 
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Nevertheless Shaver was able to show that the fresh 0. 5 per cent 
FIB was drag reducing in the turbulent range, as shown in Figure 
16. After degradation by pumping for 24 hours the solution friction 
factors were indistinguishable from those of the solvent. 
Shaver's friction factors have been the object of many in-
correct statements in the literature. As late as September, 1964, 
statements have appeared in the literature that only Shaver's 
CMC-70S, alginate, and FIB solutions were drag reducing. However, 
Figure 15 shows that PYA behaved in a manner similar to the alginate. 
Shaver studied another grade of CMC, CMC-70, more extensively 
than any other polymer. Shaver's CMC-70 solutions were subject 
to degradation, presumably by enzymatic attack (130). However, all 
fresh solutions of CMC-70 that Shaver studied were drag reducing, 
some with drag ratios as low as 33 per cent! 
All Shaver's degraded CMC-70 solutions were drag reducing 
except the triply degraded 0. 3 per cent which was not. Even the 
triply degraded 0. 41 per cent CMC-70 was drag reducing as shown 
in Figure 17. The effect of degradation was, predictably, to reduce 
the amount of drag reduction. 
Fabula studied drag reduction in several aqueous polymers 
.{37, 66). He was the first of the investigators of drag reduction to 
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tested in order for his experimental data to be useful for subsequent 
investigations. In his first paper Fabula studied a series of poly 
(ethylene oxides) in a 0. 4-inch pipe equipped with six static pressure 
taps (37 ). In order to eliminate degradation the apparatus was de-
signed to use a "single-pass" mode of testing. With this apparatus 
Fabula·noted some possible thixotropic effects and drag reduction 
was obtained in very dilute solutions. 
Fabula also used a rotating-disk facility with which to measure 
the change in torque required to maintain a given rpm. Fabula studied 
the guar gum J_zp~:c and found that at 200 ppm maximum torque reduc-
tion:t.o:c was obtained. Poly(ethylene oxide) was studied in a variety of 
molecular weights, and it was found that the effect of increasing 
molecular weight was to increase the amount of drag reduction. 
Fabula built two sizes of rotating-disk units, and with the smaller 
unit maximum torque reduction was reached at lower concentrations. 
It was found that the addition of a salt had little effect on the amount 
of torque reduction. 
>!c J -2P is a trademark of the Western Company. Wells states that 
J -2P is a natural straight chain polymer, a polysaccharide, of 
high molecular weight ( 149 ). 
:t.c:;'< This is not:- tu imply that this is also the point of maximum drag 
drag reduction, as will be shown by the present work. 
54 
Fabula compiled a list of water-soluble polymers and com-
pared their effectiveness in torque reduction as measured by the 
rotating-disk unit. One of the most significant discoveries of Fabula 
was that maximum torque reduction in his units could occur at con-
centrations where the fluid was Newtonian. 
Other investigators have studied drag reduction of various 
aqueous polymers. The work of Park {101) has already been reviewed. 
Savins has presented data on various unidentified polymers in water, 
all of which are drag reducing { 122 ). Ripken and Pilch investigated 
CMC { 112 ). Wells measured friction factors and velocity profiles in 
four concentrations of guar gum J- 2P, all of which were drag reducing, 
and one of which was Newtonian. Ernst measured friction factors and 
velocity profiles in 0. 05 per cent CMC. None of these investigators 
was able to correlate his friction factor data with any elastic para-
meters because, as found by Park, there are presently no instruments 
available to measure viscoelasticity in dilute solutions where drag 
reduction is commonly found. 
One final investigation should be mentioned in a discussion of 
drag reduction. Saffman found that if fine dust were suspended in air 
the resultant fluid would be destabilized in laminar flow compared 
with pure air { 120 ). However if the dust particles were large enough 
so that the relaxation time of the fluid was large compared to a 
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characteristic time scale associated with the flow, then the dust had 
a stabilizing action, and the laminar-turbulent transition was delayed 
to much higher Reynolds numbers. Thus turbulence suppression has 
been found even in gases. 
Theories of Drag Reduction 
Most investigators in the area of drag reduction and non-
Newtonian fluid mechanics prefer Dodge's hypothesis that visco-
elasticity is responsible for the observed reductions in pressure 
drop (14, 32, 36, 82, 87, 122, 149). Savins has even offered a molecu-
lar mechanism by which viscoelasticity affects turbulent flow ( 122 ). 
Savins suggested that the molecular elastic elements of the macro-
molecules in solution store the kinetic energy of turbulent motion 
and then return the energy to the fluid so that energy is conserved 
when compared to the normal process of viscous dissipation into 
heat in the turbulent flow of a Newtonian liquid . 
. The earliest attempt to explain drag reduction was by 
Oldroyd, a co-worker of Toms, who was aware of Toms' PMMA 
results. Oldroyd proposed the existence of an abnormally mobile 
laminar sub-layer, of a thickness comparable with molecular 
dimensions (93). This sub-layer, he hypothesized, resulted in a 
slip at the wall. Toms later showed that slip at the wall failed to 
explain his results completely (143 ). 
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However, Oldroyd's hypothesis has been recently resurrected. 
The presence of a wall may introduce a preferred direction in an 
otherwise isotropic material (94). If slip is present, data plotted in 
the form of the Rabinowitch-Mooney equation, Equation (3 ), will be 
discontinuous when capillary viscometry tubes of various radii are 
used. Thomas has presented some evidence of slip at the wall in the 
case of thoria slurries [which are not drag reducing however] ( 139 ). 
Thomas 1 data indicated that in larger tubes, wall effects decreased 
and became negligible, but he was unable to attempt even an empirical 
correlation of the effect. 
Savins showed where the friction factors of some of his drag 
reducing solutions could lead to a quantitative estimate of a slip 
velocity ( 122 ). Furthermore Savins pointed out that the anomalous 
diameter effects in drag reducing fluids were qualitatively explained 
by slip. 
The most direct method to determine the presence or absence 
of slip at the wall is to measure the velocity profiles in a drag reduc-
ing solution. Shaver measured velocity profiles in. drag reducing 
solutions, and since his correlation predicts steeper velocity gradients 
than those of water at any radial position, the natural conclusion is 
the absence of slip at the wall (129, 130). If there were slip at the 
wall, then the velocity profiles would have to be more blunt (i.e. 
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approaching "plug flow") than in the case of no slip. 
In view of the tremendous amount of work Shaver did in other 
areas, his velocity profiles were examined in detail in order to see 
if his conclusions were substantiated. The first step was to integrate 
all his profiles in order to see how well the material balances, cal-
culated from the velocity profiles which assumed zero slip at the wall, 
checked with the measured flow rates. The results of these calcula-
tions are presented in Table I. 
The mass balance on Shaver's turbulent profiles agree well 
with his measured flow rates, but the laminar profiles do not in the 
0. 624-inch tube. Another observation from Table I is that Shaver 
was limited by his equipment to non-Newtonian profiles under N°Re 
of 15, 000, and most profiles were in either the laminar or the tran-
sition region. 
The problem of comparing velocity profiles of Newtonian and 
non-Newtonian fluids has generally not been satisfactorily handled in 
the literature. It is the opinion of the author that velocity profiles 
must be compared as U/U versus Y/R at similar Reynolds max 
numbers. Bogue, for example, found that the addition of sugar in an 
amount such as to increase the viscosity of water by a factor of about 
45 showed a typically laminar profile at about nine ft/ sec in a l-inch 
pipe {NRe = 2000) whereas the solvent profile {NRe = 90, 000) at the 
Table I 
RESULTS OF INTEGRATION OF SHAVER'S VELOCITY PROFILES 
Tube 
r(> Re Per Cent Fluid I. D. {in. ) lntearated V Calculated V Deviation 
-
Water . 6Z4 82.,600 16.37 15.96 - 2.4 
" 
. 624 9,600 1. 96 1. 80 - 7.8 
" . 62-4 19,700 3.90 3.88 - 0.5 
" . 624 176,000 37. 75 34.69 - 8. 1 
0.18ft CMC-70 . 62.4 5,880 12. 09 13.26 9. 7 
0.30ft CMC-70 . 624 3,930 11. 60 13. 11 13. 0 
" . 624 664 3.30 3.88 17.3 
" 
. 6Z4 14,600 23. 75 25. 13 5. 7 
" • 62.4 9,500 17.22 17. 73 2.9 
" . 62.4 10, 500 14. 74 16.46 11. 7 
" 
. 624 17.000 2.4. 18 * * 
" 
. 62.4 2, 150 3.29 * * - - IJI 00 
Table I (continued) 
Tube No Per Cent 
Fluid I. D. (in. ) Re Integrated V Calculated V Dcviat ion 
0. 4~ CMC-705 . 624 4, 180 15.98 20. 24 26.6 
" . 709 4,000 13. 41 14. 41 7.4 
II 
. 709 12,200 29.58 31. 78 7.4 
II 
. 709 8, 400 20.59 23. 64 14. 8 
" . 709 14, 300 30. 13 34. 75 15. 3 
0. 35'o CMC-7CE. 709 8,800 20.87 21. 84 4.6 
" . 709 12, 700 27. 66 28.61 3.4 
0. 6tyo Alginate . 709 7, 540 23.94 24. 55 2. 5 
II 
. 709 4,610 13. 31 16. 61 24. 7 
" . 709 9,680 30. 36 29. 93 - 1. 4 
0. 5'o CMC- 70S . 709 2,600 11.94 12. 27 2. 7 
" . 709 8, 780 28.43 28. 23 - 0. 7 
0. 25tyo CMC- 70S. 709 3,960 11. 69 10.40 -11. 0 \.1'1 
-.!) 
Table I (continued) 
Tube ~Re Fluid I. D. (in.) Integrated Y Calculated Y 
-
O.l5~ CMC-705 . 709 3,960 9. 59 l 0. 40 
" . 709 11,300 22. 14 22. ll 








same flow rate was typically turbulent. Both the solvent water and 
the sugar solution were Newtonian fluids; however, it would be mean-
ingless to state that the effect of adding sugar was to make the profiles 
more steep. Bogue's data indicate that turbulent profiles of sugar 
solutions have the same shape as turbulent profiles of air available in 
the literature when comparec;l at the same Reynolds number. 
Shaver's profiles may be fairly criticized on another account: 
more than half of his profiles were in his 0. 709-inch tube, for which 
he has no Newtonian data on which to make comparisons with prior 
art profiles. Thus it is felt that only his 0. 624-inch tube results 
should be compared with those for Newtonian fluids at the same 
Reynolds numbers. Table II compares the rheological properties of 
the four turbulent profiles in 0. 3% CMC-70. The 3-H run corresponds 







RHEOLOGICAL DATA FOR SHAVER'S TURBULENT 
VELOCITY PROFILES IN 0. 3 PER CENT CMC-70 
n K No Re 
0.66 1. 27 14,600 
0.68 1. 05 9,500 
0. 75 0.505 10, 5 00 
0.85 0.1195 17,000 
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Figures 18 and 19 are the velocity profiles of Bunch in a1r 
and Shaver in water. In these figures and all subsequent velocity 
profile plots, Equation (14) has been plotted at Reynolds numbers of 
300,000, 100,000, 40,000, and 10,000 in order to assist compari-
son of one figure with another. In the calculations, the friction 
factor was obtained from· Equation (9) and the ratio of Urnax to V 
from Nikuradse's data {70, 116). Neither Equation (14) nor any other 
equation in the literature tried by the author adequ.ately depicted the 
true shape of a Newtonian profile. Figure 20 shows the four 0. 3 per 
cent CMC turbulent profiles of Shaver. The three lower Reynolds 
number runs are in drag reducing solutions. Comparison of Figures 
18 and 19 reveals that Shaver's water profiles appear much steeper 
for points measured near the wall than Bunch's air profiles. It is 
seen in Figure 20 that little, if any, difference exists between 
Newtonian profiles and the CMC profiles when compared at similar 
Reynolds numbers. 
Thus the conclusion is that the presence or absence of slip 
cannot be decided definitely from Shaver's results. If wall effects 
are purported to be caused by high shear stress at the wall, then 
Dodge's CMC data rule out wall effects in his drag reducing solutions 
{29 ). Examination of his capillary viscometery CMC data, taken in 
0. 024 and 0. 033-inch tubes, reveals no diameter effect for the 0. 7 
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8 V/D. Even more conclusive is the fact that laminar points in Dodge's 
2" 065-inch tube agreed well with laminar points in the 0. 033-inch cap-
illary for the 0. 3 per cent CMC solution. Since shear stresses extend 
to higher values in Dodge's capillary data than in his pipe flow data, 
the conclusion is that wall effects dependent on shear stress at the 
wall are absent. However, if it is argued that wall effects occur only 
in turbulent flow, then Dodge's data cannot be used to prove or disprove 
that hypothesis. 
Wells' Newtonian water profiles were unavailable to this 
inV'estigator. However, when his guar gum profiles are compared to 
Newtonian profiles of the investigators such as Shaver, Bogue, 
Eissenberg, Bunch, Tao, and this investigator, they are obviously 
more blunt, except for one profile in the 1. 4-inch tube, as seen in 
Figures 21 through 24. That profile, taken at a generalized Reynolds 
number of 33, 700, is steeper than any of his others or than any of 
the Newtonian profiles plotted here or in the literature. 
Wells attempted to correlate his profiles by extending the 
Prandtl mixing length theory to non-Newtonian fluids, but the devi-
ation of his data from his theory is too great for a conclusion of 
satisfactory agreement. 
Ernst recently reported some velocity profiles in 0. 05 per 
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integrated profiles disagree with his flowmeter readings by a fairly 
constant seven per cent value (36). Since Ernst integrated his pro-
files correctly, the only conclusion is that faulty instrumentation or 
some unexplained pitot error was causing erroneous readings in either 
his impact pressures or flow rates. 
In summary, neither Shaver's nor Dodge's nor Toms' data 
support the theory of slip at the wall. On the other hand they do not 
completely eliminate this possibility either, and in a qualitative 
manner it accounts for the experimentally observed diameter effect 
in drag reducing fluids. Wells' data tend to support the theory. How-
ever, until his drag reducing profiles can be compared directly with 
his water profiles, no definite conclusion can be reached about the 
relevancy of his data to the theory of slip at the wall. 
A third explanation for drag reduction, discussed first by 
Shaver and Merrill ( 13 0 ), is the viscosity gradient present in the tube 
under pseudoplastic flow conditions. Their reasoning was that, since 
the shear rate is a maximum at the tube wall and zero at the center, 
a vortex formed at or near the wall of the tube must penetrate layers 
of ever-increasing viscosity in a pseudoplastic fluid. However, this 
mechanism fails to account for Dodge's highly non-Newtonian Carbo-
pol and Attagel solutions being non-drag reducing whereas most of 
Shaver's fluids and many other pseudoplastic fluids are drag" reducing. 
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Furthermore, Toms' (142), Wells' {149), and Fabula's (37) 
observations of drag reduction in Newtonian fluids rule out viscosity 
effects as a primary cause of drag reduction. 
In summation three mechanisms for the phenomenon of drag 
reduction have been reported in the literature. Data now exist to 
disregard the last one and to strongly question the second as a sole 
contributor. Thus viscoelastic effects or some other, as yet un-
proposed, mechanism must be responsible for the turbulence 
suppression. 
Dilute Polymer Solutions 
In this section the portion of the science of high molecular 
weight polymers which is applicable to this study will be reviewed 
briefly. Only linear polymers will be considered. More general 
discussions are available in the standard polymer texts ( 12, 43, 
50, 90, 126, 137, 141 ). 
For a monodisperse system such as sodium chloride, molecu-
lar weight is a simple concept. On the other hand high polymers are 
invariably polydisperse systems, with a fairly wide distribution of 
molecules possessing different degrees of polymerization of the basic 
monomer. This distribution of molecular weights can be represented 
only by some type of average value. By measuring various colligative 
properties of polymer solutions of known mass a number-average 
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molecular weight may be determined. In other measurements the 
contribution of a molecule to some observed effect may be a function 
of its mass. Thus heavy molecules are favored in the averaging 
process, and a weight-average molecular weight can be calculated. 
The ratio of the weight-average to the number-average molecular 
weight is a measure of the polydispersity of the sample. 
The molecular weight characterization of polymers is effected 
most conveniently by viscosity measurements. The intrinsic viscosity 
[11] is defined as th.e limit of the reduced viscosity, 11sp/c, as concen-






where '11sp is the specific viscosity, which equals relative viscosity 
(the ratio of the solution viscosity to the solvent viscosity) minus one. 
The intrinsic viscosity is related to molecular weight by the 
well-known Mark-Houwink equation: 
{24) 
Equation {24) has been found to hold over a wide range of molecular 
weights in many polymer-solvent systems. 
Intrinsic viscosity determinations lead to a third molecular 
weight, the viscosity-average molecular weight, in which the average 
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is a function of the exponent a in Equation (24) as well as the distribu-
tion (41 ). For most polymers the viscosity-average molecular weight 
is 10 to 20 per cent below the weight-average molecular weight. The 
ratio of the weight-average to the number-average molecular weight 
is 1. 5 to 2. 0 for relatively narrow fractions, while values up to 50 
are not uncommon (12). 
Over the last 20 years, extensive progress has been made on 
thermodynamic treatments of dilute polymer solutions. The thermo-
dynamic "power" of a solvent for a particular polymer is defined on 
the basis of interactions between molecules rather than on the kinetics 
of dissolution. In dilute solution the polymer molecule encompasses 
a volume of solvent many times that of the solute molecule alone. In 
a "good" solvent, polymer- solvent contacts are favored; hence the 
molecular coils are extended and pervade a much larger volume than 
do polymer coils in "poor" solvents where the polymer molecule seg-
ments favor contact with themselves. 
Three concentration regions of polymer solutions may be 
distinguished on the basis of viscosity behavior (49 ). The dilute 
region is the region where the reduced viscosity is linear with 
concentration. Flory has shown that in this region the intrinsic 
viscosity is equal to the weight average of the intrinsic viscosities 
of each molecule, since the molecules are relatively isolated and 
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the amount of intermolecular entanglements is insignificant (43 ). The 
second region is marked by the point where the reduced viscosity 
begins to vary nonlinearly with increasing concentration because inter-
molecular interactions among polymer molecules have become 
significant. The third region is the region of highly concentrated 
solutions. Much of the theoretical and experimental effort has been 
directed to studies in the first region. 
The intrinsic viscosity has been related to the effective volume 
of the molecule in solution divided by its molecular weight (69 ). Thus 
the intrinsic viscosity of a polymer in several solvents allows direct 
comparison of the effective volume in these solvents and is a measure 
of the relative "goodness" of the solvent since polymers have extended 
configurations and hence large effective volumes in good solvents. 
Flory and Krigbaum have developed a model for dilute polymer 
solutions where the fluid is discontinuous in structure and consists of 
domains or clusters of polymer chain segments separated by regions 
of solute-free solvent (43 ). From statistical thermodynamics Flory 
derived the following expression for the free energy of dilution (i.e., 
the chemical potential due to polymer-solvent interactions): 
= 
9\ v 2 
"T") 2 (25) 
where 41 1 is an entropy parameter, v 2 is the volume fraction of the 
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polymer, R the gas constant, T the solution temperature, and 9 the 
Flory or Theta temperature. 
The Theta temperature is of much importance from both a 
theoretical and practical standpoint. At the temperature T equals 9, 
the chemical potential due to polymer- sol vent int~ractions is zero, 
and the solution is ideal in the sense that the partial molal heat of 
dilution is zero. At the Theta temperature the polymer molecules 
interpenetrate themselves without any net interaction and are distrib-
uted throughout the solvent volume like hypothetical point molecules 
with an approximately Gaussian distribution (38 ). The root mean 
- 1/2 
square end-to-end distance in a Theta solvent, (r 0 2 ) , can be 
related to the root mean square end-to-end distance, (rz)l/2, in a 





The expansion factor is related to the fluid temperature, the 




where CM is a constant which includes the specific volume of the 
polymer. At the Theta temperature a equals one. The further the 
temperature increases above the Theta temperature the better the 
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solvent becomes and the more extended the configuration adopted by 
the polymer in solution in these poor solvents. 
Methods of determining the Theta temperature are thoroughly 
discus sed in the literature 7 and values of 9 for good solvents may be 
obtained by extrapolation. Examination of Equation (27) s-hows that 
a changes most rapidly with temperature in the neighborhood of the 
Theta temperature. 
It is of interest to discuss various models used to describe 
the behavior of polymer molecules in laminar flow. The free-
draining molecule arises when it is assumed that friction drag (i.e. , 
according to Stoke's law) of the molecule on the solvent passing 
nearby is very small. Hence the solvent streams through the extended 
polymer molecule almost unperturbed. The free-draining molecule 
would also tend to rotate in a tube or channel because the velocity 
gradient would cause different segments of the molecule to move at 
different velocities. Flory showed that for the free-draining molecule 
the intrinsic viscosity should be proportional to a power of molecular 
weight greater than one (43 ). Since the exponent "a 11 in the Mark-
Houwink equation is generally found to be 0. 5 to 0. 8, Flory concludes 
that the free-draining model is a poor representation of dilute solution 
behavior. The equivalent sphere model assumes that the solvent with-
in the pervaded volume of the molecule acquires the velocity of the 
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molecule, and the sphere is essentially impenetrable to the solvent 
outside the sphere. By relating the radius in the Stoke's law expres-
-1/2 
sion intuitively to the root mean square end-to-end distance (r2) , 
the intrinsic viscosity can be related to M 1 I 2 a 3 through the classic 
Einstein viscosity relation for spherical particles (49 ). Although the 
model seems too simple to be very accurate, experimental evidence 
has proven that the intrinsic viscosity is indeed proportional to 
3 
0! • 
A compromise model of a partly impermeable sphere was 
treated by Kirkwood and Riseman (69) which at its asymptotic limit 
at high molecular weights gives results similar to the equivalent 
sphere model. Thus, Flory was able to show that above about 10,000 
molecular weight: 
(28) 
where ~is a universal constant (42). Equation (28) may be recast 
into: 
(29) 
Equation (2 7) predicts that a is a weak function or independent 
of molecular weight. Therefore, the exponent "a" in the Mark-Houwink 
equation, (24 ), should range from 0. 5 in a Theta solvent to 0. 8 in a 
good solvent. This has been found to hold for many systems. 
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Weissberg, Simha, and Rothman proposed a reduced concen-
tration variable based on the ratio C/C 0 where C 0 is the concentr.a-
tion of incipient overlap of the average pervaded molecular volumes 
as determined at infinite dilution ( 148 ). They showed that for 
hexagonal packing the most probable value ·as determined from 
Equation (28) is: 
(30) 
On the basis ·of this reduced concentration and a dimensionless viscos-
ity term, an approximate "corresponding states" representation-was 
obtained for several pqlymer- solvent systems ( 134, 135 ), which was 
subsequently improved by Utracki and Simha ( 146 ). 
Thus, the thermodynamics of linear nonassociating polymers 
in solution has progressed to a point where a qualitative and some-
times quantitative picture of their viscosity and configura! behavior 
in dilute solutions is available. 
There are several theories as to the cause of nob-Newtonian 
behavior in polymer solutions. One of the earliest theories of non-
' 
'\ Newtonian behaviol1 was the ~}J._e..O..t:¥---of __ Cio.Q_Q~~~- (56). L_..> 
Goodeve postulated that the rate of shear affected the rate of break-
down of the polymer structure formed within the fluid~ resulting in 
non-Newtonian behavior. 
0 Another theory is that during flow a preferred molecular 
orientation takes place (129). This alignment in the direction of 
flow increases as the shear rate increases, and may lead to non-
Newtonian behavior. 
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b A third theory sterns from the rotation of the polymer 
molecule as discussed earlier (104). Steric and other hindrances 
may lead to non-Newtonian effects because the polymer molecule 
cannot respond instantaneously to the deforming stress. When the 
time for rotation of the molecule is less than the relaxation time of 
the coil, then the molecule can respond less effectively to the applied 
stress by expansion and contraction as the shear rate increases. As 
a result, the energy is stored and released at a later time, thus 
causing less viscous loss. 
The theories of Pao (99) and Bueche (21) are mathematical 
extensions of this theory. They account for the change in apparent 
viscosity with shear rate by the spring-like behavior of coiling poly-
mers as they are deformed and rotated under a shearing stress. Both 
these theories are for free-draining solutions (concentrations above 
20 per cent), and do not give good results at dilute concentrations 
(1 7 J 21 ). 
Eyring's relaxation theory of flow, based on the theory of abso-
lute reaction rates, also correctly predicts the shear rate dependence 
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of some polymer solutions. This theory has been thoroughly reviewed 
elsewhere {108). 
The Ostwald-Auerbach flow curve, mentioned earlier as being 
common for polymer solutions, has been studied from a molecular 
point of view by Schurz {124). Schurz was able to distinguish between 
free-draining molecules ["a" in the Mark-Houwink equation, Equation 
{24 ), approximately one] and those with a more pronounced immobili-
zation of solvent, by the shape of their Ostwald-Auerbach flow curves. 
For free-draining polymers Schurz found that even with small 
concentrations and low molecular weights, well-pronounced flow 
curves were obtained in which the shear rate at which the inflection 
point occurred was a clear function of molecular weight. This in-
flection point appeared to be independent of concentration, but was 
observed at lower shear rates for higher molecular weights. Also 
it was found that the shape of the curve was indicative of polydispersity. 
For a second group of polymers well-defined regions on the 
flow curve were obtained only for high molecular weights and mod-
erately high concentrations. Inflection points were constant only for 
very small ranges of concentration. 
It is interesting that the polymers which appeared to be more 
free-draining include CMC, whereas polystyrene and polyisobutylene 
appeared to be of the second type. 
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Merrill and co-workers have made extensive studies of FIB 
and polystyrene flow curves in various solvents (76, 77, 78, 79, 80). 
First he established that wall effects such as proposed by Oldroyd 
and time-dependent effects were absent. Merrill was able to establish 
the range of shear rate for the upper Newtonian limiting viscosity and 
found an equation for molecular weight similar in form to the Mark-
Houwink equation. The constants for Merrill's equation appeared to 
assume universal values for good and poor solvents alike, in contrast 
to the Mark-Houwink equation where "a" is indicative of the ''good-
ness" of the solvent. 
Sharman and co-workers studied polystyrene solutions and 
concluded that non-Newtonian effects were related to the pervaded 
volume in dilute solution (128 ). 
Intrinsic viscosity determinations are particularly subject to 
error due to non-Newtonian effects, and this error is not eliminated 
by extrapolation to zero concentration. As a rule of thumb, Billmeyer 
states that shear effects are not significant in dilute solution if the 
intrinsic viscosity is less than a bout five dl/gm ( 12 ). Fox and Flory 
found that the shear correction is small for intrinsic viscosities under 
three (44, 45 ). Thus in non-Newtonian fluids, readings at every con-
centration must be taken at several shear rates and extrapolated to 
zero shear rate since the shear rate for the lower Newtonian region 
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of the Ostwald-Auerbach flow curve occurs at very low shear rates. 
In fact Merrill and co-workers mention a study where no definite 
evidence of this region was detected after shear rates as low as 10- 3 
reciprocal seconds were reached in very dilute solutions (79 ). 
Peterlin and Copic found that intrinsic viscosity decreased 
with increasing shear rate for all polymer- solvent systems of high 
enough intrinsic viscosity (104). Passaglia and co-workers found 
that the non-Newtonian behavior of a polymer is greatest in a good 
solvent and least in a Theta solvent (1 02 ). Thus it is expected that 
characterization of very high molecular weight polymer samples 
by intrinsic viscosity is in general more accurate in Theta solvents. 
Since most of the work on drag-reducing polymer solutions 
has been carried out in water, a brief review of the polymer litera-
ture regarding aqueous solutions is of interest. 
Fujita and Homma measured the intrinsic viscosity of a series 
of molecular weights of CMC in water (51). They found that their 
reduced viscosity versus concentration curves underwent a sharp 
break just as the concentration approached zero. Hence it was very 
difficult to extrapolate the curves, and their intrinsic viscosities 
were not reproducible to the same extent as intrinsic viscosities in 
non-polar solvents. In an extension of their early investigation, it 
was found that the viscous and non-Newtonian behavior of CMC in 
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dilute solutions was markedly influenced by the addition of small 
amounts of neutral salts {52). Their results indicated that CMC was 
relatively uncoiled even in solutions of high ionic strength. 
DeButts and co-workers found that one to three per cent 
solutions of CMC were both thixotropic and rheopectic under the 
proper conditions (2 7 ). From their measurements a molecular 
picture of CMC solutions was developed in which the time-dependent 
behavior was attributed to the formation of gel centers arising from 
crystalline areas in the original cellulose. Francis found that these 
gel centers could be controlled by choice of solvent and/ or electrolyte 
(46 ). Sitaramaiah and Goring found the constants for the Mark-
Houwink equation in 10-l and lo-3 molar sodium chloride solutions 
{13 6 ). A few other ionic polymers known to cause drag reduction 
have also been studied (6, 7, 114). 
The study of aqueous polymers is handicapped by ionic 
attractions due to dissolved electrolytes in the water. Ernst recently 
made a study in which more evidence of the effect of solvent purity 
on solution behavior was presented {36}. Even elaborate purification 
procedures have been shown to seriously affect solvent properties 
such as surface tension (31 }. The conclusion is that an extensive 
effort is needed to investigate the chemistry of aqueous polymer 
solutions in order to ascertain what solvent properties affect thermo-
dynamic properties of polymer solutions and to what extent. 
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Elastic Properties of Polymer Solutions 
The elastic properties of polymers have been widely studied 
for many years, both in bulk and in solution. Since the subject has 
been widely reviewed and whole books are able to cover only a small 
portion of the field, a partial list of the references read by the author 
on the subject of viscoelasticity of polymers is included without any 
pretense of completeness~:c (5, 9, 12, 22, 38, 47, 48, 59, 72, 73, 74, 82, 109, 
113, 123, 150, 151 ). The subject will be summarized here very briefly 
by outlining only the material of direct application to this investigation. 
The study of viscoelasticity in polymer solutions has developed 
in two directions in the last twenty years; one has been the continuum 
approach and the other the molecular approach. 
Most of the literature has been concerned with the continuum 
(or phenomenological) approach where viscoelasticity has been shown 
to result in some experimentally-measurable manifestation of its 
existence. The most widely measured phenomenon is that of the 
normal stress~:o:c effect. For Newtonian fluids the differences in the 
normal stresses are identically zero. However, several theories of 
>!c The eight volumes of the Transactions of the Society of Rheology 
published to date and the three volumes of "Rheology" by F. R. 
Eirich should also be mentioned. 
*"'<Normal ehear stresses are defined in the standard fluid mechanics 
texts (1 0, 2 6 , 7 0 ) . 
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viscoelasticity predict normal stress differences in laminar flow. 
The first of these which was not internally inconsistent was that of 
Rivlin and Erickson (113 ). Normal stresses have been measured 
by many different techniques, some of which agree with one another 
and some which do not. 
There is some doubt that all fluids which exhibit normal 
stress effects are really viscoelastic. Fredrickson showed that the 
Stokesian fluid, the equations for which were first derived by Reiner 
( 109) and later extended by Rivlin ( 123) and Prager ( 123 ), can exhibit 
the W eis senber g effect. The Stokesian fluid is inelastic (purely 
viscous), non- Newtonian, and isotropic. Although Fredrickson states 
that there are no known examples of Stokesian fluids in nature, normal 
stress effects definitely exist for a model of purely viscous behavior, 
and thus normal stress effects should not be made synonymous with 
viscoelastic behavior. 
A major difficulty in trying to relate results from the continuum 
approach to viscoelasticity with drag reduction is that present methods 
of measuring these properties are not sensitive enough to detect 
significant differences at concentrations where drag reduction com-
monly occurs (82, 101 ). Toms and Fabula found drag reduction in 
very dilute solutions whereas even the more concentrated solutions 
of Meter and Park did not exhibit sufficiently large normal stress 
effects to permit correlation of all their data. 
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The molecular approach has received relatively little attention 
compared to the continuum approach. The first breakthrough came 
as a result of the early efforts to relate intrinsic viscosity to molecu-
lar configuration in solution, as has been reviewed earlier. 
Rouse developed a theory of the linear viscoelastic properties 
for free -draining polymers in solution (118 ). Neglecting internal 
viscosity and hydrodynamic interaction, he subdivided the polymer 
molecule into N submolecule s and assumed that the molecule was 
distributed in a Gaussian manner throughout its volume. The results 
of his analysis yielded a spectrum of relaxation times, each corres-
ponding to a mode of molecular vibration, with the primary mode 
corresponding to the longest relaxation time: 
(31) 
where Tp is the relaxation time of the p-th mode, T) the steady flow 
viscosity of the solution, T'ls the solvent viscosity, k Boltzmann's 
constant, n the number of molecules per unit volume, and T the 
absolute temperature. Subsequently Rouse and Sittel found that data 
on polystyrene and FIB solutions fit theoretical curves rather well 
(119 ), considering the assumptions already mentioned, as well as 
that of monodispersity, and the fact that the theory contains no 
adjustable parameters. 
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Bueche developed a similar theory by calculating the work 
done on the polymer molecule during perturbation, and he calculated 
a relaxation time equal to twice that of Rouse (19 ). This theory was 
then used to obtain a curve for determining molecular weight (21 ). 
The theories of both Bueche and Rouse are for free-draining polymers. 
Simm developed a theory which includes the hydrodynamic 
interaction and treats both the free-draining case and the non-free-
draining case (155, 157). When interaction is weak, his theory agrees 
exactly with that of Rouse. For the case of the non-free-draining 
coil he obtained: 
(3 2) 
0.586 RT A.k 
where Tk is the relaxation time of the k-th mode, [TJ] the intrinsic 
viscosity, R the gas constant, T the absolute temperature, TJ the 
I 
steady flow viscosity, and A.k the eigenvalues for a particular integro-
differential equation which have been tabulated in the literature (156 ). 
Zimm' s theory has been recently extended by Tschoegl ( 144 ). 
It was shown that the theories of Rouse ( 118) and Zimm ( 155) were 
the limiting cases for vanishing and dominant hydrodynamic interaction, 
respectively, in Theta solvents since the polymer molecules were 
assumed to have a Gaussian distribution throughout its volume. 
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Tschoegl treated the case of varying hydrodynamic interaction in 
both Theta solvents and good solvents (here assuming a non-linear 
distribution). 
The theories of Rouse and Zimm predict a steady flow vis-
cosity independent of the shear rate. Pao found that if Rouse 1 s 
theory is extended to include the perturbations from all shear rate 
components, then there is a shear rate dependence of steady flow 
vi s cos it y (1 0 0 ) . 
Pao has also developed continuum theories on the flow of 
polymer solutions and compared his results with those of Rouse, 
Bueche, and Zimm ( 100). 
Finally, the early work of Baker, Mason, and Heiss in 
conjunction with relaxation times should be mentioned (8 ). 'These 
workers built a suitable apparatus and measured relaxation times 
on six polymers in solutions in the one per cent concentration range. 
They found that relaxation times were much shorter in poor solvents 
than in good solvents. Also it was observed that higher molecular 
weights had longer relaxation times than the low ones. They com-
pared their data to the predictions of a modified Maxwell element 
and found reasonable agreement. 
In summary, it is seen that progress has been made in des-
cribing the behavior of dilute polymer solutions in terms of molecular 
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characteristics. It can be concluded from this literature review 
that probably every fluid has a characteristic spectrum of relaxation 
times. If this relaxation time is large compared to the process of 
deformation applied to the fluid, then an elastic response will be 
observed. For gases the relaxation time has been calculated to be 
the order of 1 o- 1 0 sec ( 110 ), whereas for many solids it is of the 
order of years. 
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IV. EXPERIMENTAL 
Purpose of Investigation 
In this investigation the phenomenon of drag reduction by 
high polymers was studied in organic solvents in order to ascertain 
what polymer and solvent properties and what variables were signifi-
cant in causing drag reduction to occur. Based on the data, a theory 
of drag reduction based on the relaxation time of the polymer molecule 
in solution is proposed. 
Plan of Experimentation 
The phenomenon of drag reduction was studied in the following 
systems: polystyrene of molecular weight about 240, 000 in toluene 
0 
at 30 C, polyisobutylene of molecular weight about 720, 000 in cyclo-
0 0 hexane at 25 C and in benzene at 24 C, polyisobutylene of molecular 
weight about 46, 000 in cyclohexane at 25° C, and polymethyl methac-
rylate of molecular weight about 1, 500, 000 in toluene at 30° C. The 
concentrations were chosen so as to pre sent a clear picture of the 
effect of concentration on drag reduction. Polymer- solvent combina-
tions were selected so as to show polymer molecular weight and 
polymer configuration in solution. Solution viscosities were deter-
mined with a capillary pressure viscometer and/or Ubbelohde 
viscometer. Friction factors were dete:r:.mined in a variety of tubes 
with a diameter range of 60 to 1. An attempt was made to obtain a 
quantitative estimate of viscoelastic properties by measuring normal 
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stress differences using a jet thrust technique. Estimates were also 
obtained on the amount of degradation which usually accompanies 
violent shearing of high polymer solutions. 
Materials 
A list of the materials used in this investigation, their specifi-
cat/s (if known), and the manufacturer or supplier follows. 
J Benzene. Specific gravity range 0. 882-0. 886; maximum 
boiling range 1° C, including 80.1° C; color (Saybolt)-30; acid wash 
color-0-1; acidity-negative; doctor test-sweet; corrosion-16 maximum; 
sulfur as H 2S/S02 negative; thiophene free; solidification point - 4. 85° C 
maximum; purchased from Independent Petrochemical Corp., St. Louis, 
Mo. 
Cyclohexane. Purity (wt % cyclohexane) 99. 9% minimum; 
impurities-non-volatiles, water, benzene 0. 1% maximum; maximum 
boiling range 0. 4° C, including 80. 7° C; specific gravity range 0. 780-
0 0. 784 at 15. 5 C; purchased from G. S. Robins Co., St. Louis, Mo. 
/ 
, JToluene. Purity (wt o/o toluene) 99. So/o minimum; impurities-
heptane isomers 0. 5% maximum; maximum boiling range 1° C, includ-
ing 110.6° C, specific gravity between 0. 869 and 0. 873 at 15.5° C; 
nitration grade; purchased from G. S. Robins Co. , St. Louis, Mo. 
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Polyisobutylene L-80. Enjay MM Vistanex; grade L-80; lot 
B40828; code 230; molecular weight approximately 720, 000, distribu-
tion unknown; produced by a low temperature Friedel-Craft reaction; 
catalyst-free with trace amounts of butylated hydroxytoluene and 
sodium stearate; color, slightly yellow; donated by Humble Oil and 
Refining Co. , Baton Rouge, La. 
Polyisobutylene LMMH. Enjay LM Vistanex; grade MH; 
molecular weight approximately 46, 000, distribution unknown; 
produced by a process similar to L-80 with same impurities; color-
less; donated by Humble Oil and Refining Co., Baton Rouge, La. 
Polymethyl Methacrylate G. Procured in the form of 1/4-
inch plexiglas sheet with molecular weight approximately 1, 500, 000, 
distribution unknown; donated by Rohm and Haas Co. , Philadelphia, 
Pa. 
Polystyrene. Styron 690; lot number 83365-67-000; thermally 
polymerized with molecular weight distribution approaching a 
Gaussian distribution; donated by the Dow Chemical Co., Midland, 
Mich. 
A sample was randomly drawn from a barrel of each of the 
solvents. The density and viscosities were experimentally deter-
mined (i.e. , Tables V and XVI, respectively) and found to agree 
well with literature values for highly refined grades. 
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Apparatus 
At the inception of this investigation the only equipment 
available was a constant temperature bath and Ubbelohde 
viscometer. Hence a significant part of the effort in this research 
problem consisted of deciding upon and designing the required 
equipment, contacting the vendors in order to obtain the best prices 
and specifications, and then assembling and starting up the units. 
It was also necessary to design a laboratory suitable for these 
experiments and to assist the University in its construction. 
The solvents used in this investigation were not only volatile 
and explosive, but also constituted a serious health hazard when 
introduced into the human body by breathing or other means. Hence 
all electrical wiring in the laboratory itself was installed in accord-
ance with the electrical code for an explosive vapors atmosphere 
(Class I, division II hazard), and a large capacity exhaust fan was 
included to remove any solvent vapors as a result of spills. 
Two independently-operated units were constructed in the 
course of this investigation: a pilot plant-size friction factor unit 
(called the pipe flow unit) and a smaller capillary viscometer unit. 
Capillary Viscometer Unit 
The capillary viscometer unit was designed to make three 
different types of measurements: jet thrust determinations, 
95 
capillary viscometry data, and turbulent friction factors. Figure 25 
shows the flow configuration used to take the latter two measurements. 
The test fluid flows from the fluid reservoir (constructed from 2-inch 
pipe fittings), shown in Figure 26, ):c through a 114-inch 0. D. nylon 
line (rated at 500 psig with a 4:1 safety factor) into a Zenith gear 
pump driven by a 1 I 4 hp explosion-proof Master electric motor and 
a Graham variable speed drive. Two Zenith pumps (sizes 1 I 2 and 
5) were used interchangeably in order to provide a range of flow rates 
continuous from 2 cclmin to 560 cclmin at moderate pressures. The 
pump discharged into a 114-inch 0. D. nylon line leading into the base 
of a six gallon capacity constant temperature water bath. From the 
base of the bath the test fluid was circulated through 18 feet of 318-
inch 0. D. (1132-inch wall) stairiless steel tubing, which terminated 
in the bath wall two inches below the top of the bath. A tubing tee 
'located just before the terminal point led to the pres sure manifold. 
A second tee located at the highest point reached by the tubing in the 
bath was connected to the vent valve on the air discharge tube. 
The terminal point at the top of the bath could be connected to 
either a length of tygon tubing which led to a balance for measuring 
jet thrusts or a length of stairiles s steel tubing which led to capillary 
tubes in which turbulent and capillary data were taken. The capillary 
):c The Swagelok fittings shown in Figure 26 and mentioned hereafter 
in this thesis are products of the Crawford Fitting Company, 
Cleveland, Ohio. 
Figure 25 
SCHEMATIC DIAGRAM OF FLUID FLOW IN THE 
CAPILLARY VISCOMETER UNIT 
1. Mercury manometer 
2. Process fluid manometer 
3. Micromanometer 
4. Air discharge tube 
5. Pressure gauge line 
6. Bourdon pressure gauge (0-300 psi) 
7. Bourdon pressure gauge (0-100 psi) 
8. Compensating air pressure line 
9. Zenith metering gear pump 
10. Graham variable speed transmission Model No. 45R2. 8 
(0-200 rpm) 
11. Fluid reservoir 
12. Constant temperature bath 
13. Process fluid outlet 




THE FLUID RESERVOIR FOR THE CAPILLARY 
VISCOMETER UNIT 
1. Glass tube to catch fluid jet 
2. Glass funnel 
3. Aluminum foil cover 
4. 2-inch galvanized nipple 
5. 2-inch galvanized pipe coupling 
6. 2 x 1/4-inch galvanized bushing 
7. Process fluid line to gear pump: 1 /4-inch 0. D. 
nylon tubing 
8. Aluminum tee: Swagelok A-400-3-4TMT 





tubes were jacketed with suitable lengths of 3/ 8-inch pipe and a one 
gpm pump recirculated water from the constant temperature bath 
around the outside of the tube in order to maintain isothermal 
conditions. Figure 27 provides a view of the water system and 
Figure 28 shows the details of construction of the water jackets. 
The jacket was on the suction line of the pump in order to eliminate 
ambient temperature effects. The constant temperature bath had 
no variacs on the two control heaters {size 1000 watts), and was 
0 
capable of temperature control to ± 0. 1 C. 
Figures 29 through 34 are photographs of the Capillary 
Viscometry Unit. Figure 29 is an overall view of the unit. The 
manometers are on the far left, then the water bath, the water 
pump, and above the Zenith pump the pressure gauges. Figure 30 
is a closer view of the Zenith pump, the variable speed drive, and 
the pressure gauges. Figure 31 is a closeup of the manometers. 
Figure 32 shows the piping arrangement during capillary viscometry 
measurements. Figure 33 shows the water jackets for accommo-
dating various lengths of capillary tubing. It can be seen that all 
jackets were interchangeable with one another. Figure 34 shows the 
capillary tubes after they were removed from the water jackets. The 
smaller capillaries were protected from stress near their ends by 
heavy-walled tubing. 
Figure 27 
THE RECIRCULATING WATER SYSTEM IN THE 
CAPILLARY VISCOMETER UNIT 
1. Constant temperature bath 
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2. Cooling water return line: 1/4-inch galvanized pipe 
3. Viscometer heat exchanger jacket: 3/8-inch galvan-
ized pipe 




CONSTRUCTION DETAILS FOR THE WATER JACKETS USED 
IN THE CAPILLARY VISCOMETER UNIT 
1. Inlet water line from bath: 1/4-inch galvanized pipe 
2. 1/4-inch union 
3. 1/2 x 1/4 galvanized bushing 
4. 3/8-inch galvanized tee 
5. Outlet water line to centrifugal pump: 1/4-inch 
galvanized pipe 
6. Viscometer heat exchanger jacket: 3/8-inch galvanized 
pipe 












MANOMETER SYSTEM FOR THE CAPILLARY UNIT 

Figure 32 













The test fluid reservoir was equipped with a piece of glass 
tubingt flared and curved to catch the jet stream emitting from the 
capillary tubes. The reservoir was movable so as to accommodate 
the various lengths of capillary tubing. 
Jet thrusts were measured in capillary tubes of 0. 106, 0. 63, 
and 0. 033 inches in diameter. For the viscosity measurements tube 
diameters of 0. 009, 0. 013, 0. 023, 0. 033, 0. 047, 0. 063, and 0. 103 
inches were available in order to provide a continuous range of shear 
rates for very thin fluids. Turbulent data were taken in tubes of 0. 033, 
0. 047, and 0. 063 inches in diameter by using the viscometric appara-
tus at high flow rates. Table III gives the physical dimensions and 
tolerances of the capillary tubes. All tubes were purchased from 
Small Parts, Miami, Florida. Diameters were determined by the 
usual procedure of calibration with a Newtonian fluid, toluene in this 
case. 
Further details of this apparatus and the experimental pro-
cedures used are available elsewhere (57a, 115 ). 
Pipe Flow Unit 
The pipe flow unit was designed to measure friction factors 
in three tube sizes, 1/2-inch, 1-inch,and 2-inch. In the 2-inch tube 
velocity profiles were obtained by measuring the difference between 
the total pressure at a given distance from the wall and the static 
pressure at the wall. 
Table Ill 
PHYSICAL DIMENSIONS AND TOLERANCES OF CAPILLARY TUBES 
Tolerance 
I. D. (in. ) Length (in. ) L/D 0. D. (in. ) Wall (in.) O.D. Wall 
-
• 009639* 6. 142 637 . 020 . 005 +.0005 +.oooo 
-. 0000 -. 0005 
.01331* 6. 244 469 . 025 . 006 " 
II 
. 02322* 12.087 520 . 035 . 006 ±. 0005 II 
. 03254* 24.22 744 . 049 . 008 II ±. 0005 
. 04625* 24.22 524 . 065 . 009 " II 
. 06290* 24.22 385 . 083 . 010 ±. 001 ±.001 
. 1033* 48.025 465 . 134 . 014 II II 
. 01 022** 6.244 611 . 020 . 005 +.0005 +.oooo 
-.0000 -. 0005 
. 01339** 6.248 467 . 025 . 006 II II 
. 02326** 6. 240 268 . 035 . 006 ±. 0005 " 
. 03283** 12. 086 368 . 049 . 008 " ±. 0005 ..... 0 
00 
Table Ill (continued) 
Tolerance 
I. D. (in. ) Length (in. ) L/D 0. D. (in.) Wall (in. ) 0. D. Wall 
. 0464 7** 12. 264 264 . 065 
.06137** 12.016 196 . 083 
* Used for viscosity measurements 
** Used for thrust measurements 
. 009 ±. 0005 ±. 0005 





Figure 35 presents a schematic flow diagram of the process 
piping in the pipe flow unit. The instrumentation is indicated by the 
standard symbols. From a 100-gallon capacity reservoir the process 
fluid was pumped by either or both of two Viking positive displacement 
pumps through the particular size test section desired and back into 
the reservoir. The flow rate was measured by one of the two turbine 
flow meters in parallel in the discharge line between the pumps and 
the test sections. The turbine meters were calibrated in place by 
valving the process fluid into a drum (placed on a scale) for a measured 
time interval. The flow rate could be varied continuously up to 85 gpm 
by changing the setting on the variable speed drives attached to the 
pumps. Pressures ·were measured by a system of manometers 
specially designed for this application. 
The manifolds at each end of the test sections were constructed 
of 2-inch pipe (except for the inlet manifold between the 1- and 2-inch 
tubes which was 4-inch pipe), and the drain and system inlet piping 
was 1/2-inch. All other piping was 1 1/2-inch except for the 
diaphragm control valve and the small turbine meter line which were 
1 I 2- inch. 
Surge volumes of 0. 1 £t3 capacity were located on each pump 
discharge line, and a 0. 3 ft 3 volume was connected to the inlet 
manifold. These served to damp out flow disturbances. The surge 
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Figure 35 
SCHEMATIC DIAGRAM OF PIPE FLOW APPARATUS 
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volume of the large pump was equipped with a sight glass and an air 
regulator in order to control the liquid level in the surge volume and 
obtain maximum damping. 
Carbon steel ball valves with teflon seats and seals were used 
1n the apparatus.. Ordinary iron pipe and pipe fittings, a few of which 
were galvanized, were selected for the process piping. Long-radius 
ells were used exclusively in all sections of the 1 1/2-inch piping 
1n order to minimize. degradation. The 1 00-gallon tank was fabricated 
from iron sheet, and the weigh barrel was built from a 55-gallon ship-
ping drum. Thus the process fluid contacted principally iron and carbon 
steel. Other materials contacted to a lesser degree were nylon, teflon, 
zinc, cadmium, aluminum, glass, epoxy glue, and several types of 
stainless steel. No brass or copper whatsoever was contacted by the 
process fluid because of the wide use of copper as a catalyst and its 
suspected degradation effects ( 154 ). Only teflon pipe dope was used 
since the solvents studied in this investigation dissolve most ordinary 
pipe dopes. There was no rubber of any type used where contact with 
process fluid was possible. 
The most difficult items to procure were the test sections. 
The criteria deemed most important were small tolerances on the 
I.D. and the roundness, continuous lengths (since it is practically 
impossible to join -lengths of tubing of the size used here without 
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causing a flow disturbance of some kind), and wall thickness sufficient 
to withstand shipping and installation. 
The best tubing available (from the standpoint of the above 
criteria) was welded and drawn carbon steel cylinder tubing, which 
was available from Tube Sales, St. Louis. Welded and drawn tubing 
is superior to seamless tubing in that the wall is uniform (since the 
tubing is rolled from flat stock), and the tube is almost perfectly 
concentric even before being cold-drawn over a mandrel. The weld 
flash is removed and the insides and outsides of the tubes polished 
to the point where the weld- seam has become indistinguishable from 
the rest of the tube. The 1/2-inch and l-inch tubing were procured 
from Tube Sales. 
Unfortunately in the 2-inch size a 27-foot section was required 
in order to insure that the flow pattern was fully established during 
measurements. Since the cylinder tubing was available in 27-foot 
lengths only in mill run quantities (600 feet minimum order), a 2-
inch seamless grade carbon steel tubing was purchased from the 
Babcock and Wilcox Company, St. Louis. Seamless tubing is subject 
to a very slight eccentricity which tends to spiral throughout the I. D. 
of the tube. However, this eccentricity in B. & W. tubing is small 
compared to the ID. tolerances, and hence the tubing was deemed 
satisfactory for this application. 
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Both the welded and the seamless tubing used were highly 
polished and of a commercially smooth grain. Six tubes were 
actually used in this investigation. The original three were replaced 
after Run 5. Table IV presents the physical dimensions and tolerances 
of the tubes used in this investigation. 
Table IV 
PHYSICAL DIMENSIONS AND TOLERANCES OF CARBON 
STEEL TUBES USED IN THE FRICTION FACTOR UNIT 
I. D. Runs 
Diameter Length Min. Wall Thickness Tolerance Used 
0.510" 17. 5' . 120" ±. 0025 11 1-5 
1. 000" 24. 0' 125" ±.0025" 1-5 
2. 000" 27. 0' 125 11 ±. 005 11 1-5 
0.509" 17. 5' 12011 ±. 0025" 7-37 
0.999" 24. 0' 125 11 ±. 0025 11 7-37 
1.998" 27. 0' . 125" ±.005" 7-37 
Random measurements with inside and outside micrometers 
indicated that variations were in the fourth decimal place, which is 
better than the tolerances listed in Table IV. 
The tubes were installed with as long an entrance section as 
possible. Figure 36 shows the location of pressure taps in the test 
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Figure 36 
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sections. Previous work by Deissler (28) had established that for 
air the centerline velocity was 52 o/o established at 23 diameters 
downstream from a sharp-edged entrance and 100 per cent at 45 diameters 
at a Reynolds number of 48, 000. Since the center velocity is the 
last to be fully established, friction factor measurements for 
Newtonian fluids do not require nearly as long entrance lengths as 
do velocity profile measurements, and 50 diameters would be con-
sidered conservative with a sharp edged entrance. However there 
is no such study for non- Newtonian fluids, and a non-uniformity in 
pres sure gradient was noted by Dodge (3 0} in his drag reducing CMC 
solutions; hence 50 diameters of entrance tubing were provided in the 
2-inch tube betweeri the upstream union and the first pressure tap and 
151 before ·the velocity profile probe. Even longer entrance sections 
of 75 and 100 diameters separated the upstream unions from the first 
pressure taps in the l-inch and 1/2-inch tubes, respectively. For 
the 2-inch tube, turbulence was promoted at the test section inlet by 
a sharp edged entrance which was constructed by tapping a 4-inch cap 
with 2-inch female threads. 
Three pres sure taps were drilled into each tube in order to 
verify the uniformity of the pressure gradient. The latest recommen-
dations on tap sizes were followed (103 }. The procedure was to drill 
a pilot hole 0. 026 inches in diameter. Then the tap was reamed out 
to a diameter of about 1/32 inches. In the case of the last three tubes 
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a special tool was constructed to remove burrs from the pressure 
taps. The L/D ratio for the pressure taps was about 4 diameters. 
It is to be noted, however, that the L/D ratio is not as critical as 
the literature makes it seem. For instance, Dodge drilled 1/8-inch 
pressure taps in his brass tubes, and his Newtonian friction factors 
agreed with Nikuradse' s very well {3 0 ). It would seem most important 
to have all static pressure taps in any one tube of the same dimensions. 
Thus errors in absolute pressure, such as those caused by the flow 
streamlines bending into the static tap ( 131 ), will tend to cancel one 
another when a differential pressure is measured. 
On the outside of the tubes, 1 I 8-inch pipe couplings machined 
to fit the contours of the particular tube, were brazed over the pres-
sure taps. Each pressure tap was provided with a trap attached to 
this coupling to prevent particulate matter from plugging the pressure 
taps as fluid pas sed in and out of the taps. To the traps were connected 
tubing fittings which in turn were connected to nylon tubing [ 1/4-inch 
0. D. Imperial-Eastman Nylo-Seal (Nylon 66) tubing rated at 500 psi 
at room temperature with a 4 to 1 safety factor] leading to the 
manometer valve table. During experimentation the pressure taps 
were installed at the six o'clock position. 
The photograph in Figure 3 7 shows the test sections installed 
in this apparatus. Special pipe support racks of such a design that 
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all legs rested on the concrete floor regardless of surface irregu-
larities were fabricated from angle iron. The tubing was held in 
inverted pipe hangers which were connected to the racks by threaded 
rods, the heights of which could be adjusted. Thus each tube was 
individually leveled at the time of installation. The test sections 
were isolated from pump vibrations by teflon expansion joints as 
noted in Figure 35. Also cork was placed under each leg of every 
rack, and the tubes were wrapped with asbestos strips at every pipe 
hanger to minimize transmission of vibrations from the floor to the 
test section. 
In the 2-inch tube a pitot station was built three inches down-
stream from the last static pres sure tap and 22 inches upstream 
from the end of the tube. Figure 38 is a photograph of the pitot 
station. 
Nylon bushings were threaded into l-inch pipe couplings, 
machined to a 2 1/ 4-inch contour and then brazed to the tube wall. 
The micrometer mechanism was attached to the bushing. Swagelok 
S-400-1-4 male connectors were drilled to a 1/4-inch I. D., and 
the packing seal was made with teflon ferrules on the 1/4-inch 0. D. 
steel rods. The nylon bushings were machined to the inside wall 
contour in order to minimize flow disturbances. Figure 39 is a 
photograph of the pitot tube assembly. 
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Figure 38 




CLOSE-UP OF THE PITOT TUBE ASSEMBLY 
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The pitot probe itself was a 20 gauge (0. 035-inch 0. D., 
0. 023-inch I. D.) 304 stainless steel capillary tube bent into an 
"8" shape in order to approach the region near the wall more 
closely. A five-inch long steel rod was used as vertical positioner 
for the probe by building a simple device to keep it horizontal, as 
can be seen in Figure 39. The pitot probe was secured from 
vibration by telescoping the 20 gauge capillary with thick-walled 
tubing and by the support rod, which also served to position the 
probe radially in the tube since it was connected to the micrometer 
mechanism. 
The micrometer screw was graduated in 0. 002-inch 
divisions and provided a traverse across the full length of the tube. 
Naturally the probe design prevented a wall-to-wall traverse with 
the point of the pitot tube. The tip of the pitot probe was in the 
same plane (perpendicular to the center axis of the tube) as the 
static pres sure tap. The pitot probe was interchangeable with hot 
film and hot wire anemometer probes used by G. K. Patterson. 
Velocity head pressure readings as well as pressure drops 
due to pipe skin friction were taken on a series of four manometers. 
These manometers were designed and built specially for this 
application. The process fluid was the pressure-transmitting 
medium between the pressure points (taps and/or pitot) and the 
manometers. The manometers and their ranges were: 
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1. U-type mercury manometer; range 0 to 9 feet of mercury 
(49. 6 psig); one division 1 mm Hg. 
2. Inverted U -type manometer with process fluid as indicat-
ing liquid; range 0 to 9 feet of process fluid (a bout 3. 4 
psig with toluene at room temperature); one division== 
1 mm process fluid. 
3. Inverted slant U -type manometer with process fluid as 
indicating liquid; range 0 to 4. 7 5 inches process fluid 
(about 0. 148 psig with toluene at room temperature); one 
division =. 000083 mm process fluid. 
4. Well-type mercury micromanometer; range 0 to 1. 1 
inches of mercury; one division= 0. 001 inch Hg. 
The manometer ranges of the first three manometers listed 
above overlap in such a way that a continuous distribution of pressures 
ranging from lower than 1 o- 2 psig to 49. 6 psig could be read with 
greater than 100 divisions deflection by simply choosing the appropr1-
ate manometer. Since the pressure points were about three feet above 
the floor, special traps were de signed for the U -type mercury manom-
eter and the well-type mercury micromanometer in order to maintain 
a continuous liquid leg from pressure points to manometer legs. 
The range of the well-type mercury micromanometer and the 
inverted slant U -type manometer overlap almost entirely. The 
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mercury micromanometer is characterized by a relatively small 
movement for a unit pressure drop, and thus is well- suited for 
velocity profile measurements. On the other hand, the inverted 
slant U -type manometer is characterized by a large movement of 
fluid in the manometer lines for the same unit pressure drop, and 
hence is best suited for pressure drop measurements associated 
with friction factor determinations. 
Figures 40 through 43 are photographs of the manometers. 
Figure 40 shows the lower portion of the two nine-foot manometers. 
Located to the left of the inverted U-type manometer is the well-
type mercury micromanometer. Further to the left is the top section 
of the inverted slant U -type manometer. Figure 41 is a closeup of 
the well-type mercury manometer. Figure 42 shows the traps on the 
U -type mercury manometer. Figure 43 is a view of the inverted 
slant U -type manometer. 
Further details of manometer construction and operating 
procedures are discussed in Appendices I and II, respectively. 
A manometer valve table was designed and constructed in 
order to provide the desired flexibility in pressure measurements. 
Figures 44 and 45 show a schematic diagram and a photograph, 
respectively, of the manometer valve table. As noted in Figure 36, 
the A taps are the high pressure (upstream) taps and the C taps the 
low pressure taps, whereas the B taps are located midway between 
Figure 40 
A VIEW OF THE LOWER PART OF THE NINE-FOOT 
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VIEW OF THE MANOMETER VALVE TABLE 
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the A and C taps. The manifolding on the table was designed so that 
the AC, AB, or BC pressure differences could be measured one at 
a time by any one of the four manometers {as could the velocity head 
in the 2-inch tube. ) 
The choice of valves for the manometer valve table was 
governed by three crucial factors: in the off position the valves 
must not leak at all, the valves must withstand repeated operation, 
and the operator must be able to tell at a glance which of the 23 
valves are open and which are closed. Hence ordinary 1/2-inch, 
quarter-turn carbon steel ball valves with teflon seals and seats 
were used exclusively. These valves are rated at l 000 psig up to 
100° F, as were all ball valves used in this investigation. 
All fittings and lines in the manometer tube table were 
Swagelok tubing fittings and nylon lines, size 1/4-inch. Particular 
attention was paid to elevation and line supports in order to drain 
the manometers and manometer valve table lines easily as well as 
to remove all air bubbles which would adversely affect pressure 
readings during experimentation. Since all lines were of clear 
nylon, a visual check was made of all lines prior to every run to 
insure bubble-free readings. 
Also located on the manometer valve table were an air 
regulator and seven plug and globe valves which supplied auxiliary 
air to the manometers, surge volume, etc. 
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The most critical measurement involved in friction factor 
determinations is the flow rate, which appears in the friction factor 
expression to the second power. Turbine flow meters were the most 
accurate and reliable instruments available to handle the fluids inves-
tigated here. Properly installed turbine flow meters are repeatible 
to 0. 1 per cent ( 127 ). Three meters were used in this investigation. 
A Brooks Hydropoise Model HP-24N flow meter with carbon 
bushings and l 1 I 2-inch male NPT was installed in a 1 1 I 2-inch 
pipe line. The specifications on the meter are 6-10 gpm, ± 1% 
linearity, and 10-140 gpm, ± 0. 5% linearity. The meter was used 
in all pipe flow runs. 
A Fischer and Porter Model MS 1 OC 151 OA turbine flow meter 
which was equipped with 314-inch flared tubing fittings was purchased 
from surplus. The meter was used in Runs 1-5 only. Since the 
linear range of the meter was higher than desired and mainly over-
lapped the large flow meter, it was replaced with a Brooks Hydro-
poise Model HP-12N in all subsequent runs. Both the Fischer and 
Porter and the Brooks HP-12N meters were installed in a 1/2-inch 
pipe line. The Brooks Hydropoise Model HP-12N flow meter was 
equipped with 314-inch male NPT and carbon bushings and has a range 
of 1. 5 to 15 gpm with linearity of 0. 5 per cent and 100 cps output at 
roughly 1. 5 gpm. 
The frequency output signal from the meters was read by a 
Heath Kit Audio Frequency Meter (as modified by the McDonnell 
Company, St. Louis) which was purchased from surplus. Although 
the meter was carefully warmed up and calibrated (cf. Appendix B) 
before each day's experimentation, the meter proved to be the 
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principal source of inaccuracy in friction factor determinations 
because of its poor response and readibility. Hence for practically 
every flow rate the frequency meter and turbine flow meter were 
used to provide a steady flow rate, which was determined directly by 
valving the process fluid into a drum (placed on a scale) for a 
measured time interval. Figure 46 is a view of the weigh station. 
Further details of the flow meter installation are included in Appendix I. 
In a recirculating test loop as built in this investigation, the 
biggest contributor to mechanical degradation of the polymer solutions 
is the pump. Since there is no literature at present on the effect of 
pump design on degradation, it was intuitively reasoned that a positive 
displacement pump would cause less turbulence than a centrifugal 
type of tump which operates at high speed. Hence Viking Rotary 
pumps were used because they combined low operating speeds with 
high volume capacity and the rugged design necessary to pump thin 
fluids. For example at a flow rate of 85 gpm and a discharge pres-
sure of about 30 psig, the pump speed of the larger pump was slightly 
less than 200 rpm. 
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Figure 46 
THE WEIGH STATION 
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Three Viking pumps were used in the course of this investi-
gation. A Viking Model Q-124 heavy duty pump with teflon packing, 
rated at 200 gpm at 380 rpm in water, was driven by a 10 hp 
hydraulic transmission whose output speed could be infinitely 
varied between 0 per cent and 150 per cent of the input speed. The 
transmission was in turn driven by a 10 hp, 220-440 volt motor which 
was totally enclosed and kept under positive air pressure. 
A Viking KK-4124 heavy duty pump with mechanical seal was 
purchased from surplus and used to clean and shake down the unit. 
The pump when new was rated at 50 gpm, but it was so badly worn 
when purchased that 30 gpm was the maximum output. 
After Run 5, the pump was replaced with a Viking K-135 heavy 
duty pump rated at 35 gpm at 400 rpm. Both small pumps were driven 
by a 3 hp Reeves Varidrive unit which was donated by the Humble Oil 
and Refining Company. The pump speed was controlled pneumatically 
by an air regulator located near the frequency meter. At 355 rpm the 
Viking K-135 pump delivered 29 gpm at about 75 psig. 
A coarse (20 mesh) filter was located in the line between the 
tank ·and the pumps for protection. A second filter was located in the 
line between the pumps and the flow meters. The filters were con-
structed from pipe flanges. 
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The Viking pump company advised us that rotary pumps tend 
to slip under any appreciable discharge pressure when operated at 
less than 20 per cent of their rated speed. Hence a 1/2-inch 
diaphragm control valve was placed in the recycle line in order to 
extend the lower flow rate range of the small pumps. 
An elaborate temperature control system was designed and 
incorporated into the pipe flow system, since particularly in Theta 
solvents polymer solution properties change rapidly with small 
temperature deviations. In place of an expensive explosion-proof 
mixer the 100-gallon reservoir was designed with a tangential inlet 
and a bottom outlet. The tank was baffled to prevent the formation 
of a vortex. 
Figure 47 presents a schematic diagram of the temperature 
control system. A Jumo Thermoregulator (Model No. 16-50A, 
0-50° C range, length 150 mm, precision ± 0. 01° C) was mounted 
through the tank wall near the tangential inlet by means of a 1 I 2...: 
inch coupling welded at about a 45 degree angle. A Swagelok 
S-600-1-8 male connector was drilled out to the proper I. D. and 
the thermoregulator glued~:c into the connector. 
):<: Dr. K. G. Mayhan graciously supplied a mixture of 100 parts 
by weight Ciba No. 6010 epoxy resin (M. W. 390-410) and 13 
parts Ciba hardener No. 951 (Triethylehethetramine ); which 
were procured from Harry Baumstock Co., St. Louis, Mo. 
Figure 47 
SCHEMA TIC DIAGRAM OF THE TEMPERATURE CONTROL 
SYSTEM 
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After the glue was properly cured, the connector was 
screwed into the 45 degree coupling. The regulator was well-
protected on the outside of the tank by an assortment of pipe fittings 
as can be seen in Figure 46. Similar protection was afforded the 
portion of the regulator inside the tank by a 1 I 2-inch pipe nipple, 
perforated to allow an adequate rate of heat transfer between the 
regulator and the process fluid. 
A controlled amount of heat could be added to or removed 
from the system by means of two 30-feet long, stainless steel 
water coils {3/8-inch 0. D., 1/32-inch wall) in parallel. The inlet 
water temperature was controlled by selecting the proper water 
and steam flow rate to coincide with the heat input from two electric 
heaters. A needle valve was placed on the steam line and was used 
to control the water temperature leaving the concentric tube heat 
exchanger showninFigure 47 to about five degres below set 
temperature. A globe-type control valve on the water line allowed 
manual regulation of the water flow rate. 
It was decided not to put the electric heaters directly in the 
process fluid because not only might the heater short out and cause 
an explosion but also localized vaporization might occur in the 
volatile solvents studied in this investigation. About halfway through 
the experimentation one heater did burn out and was replaced. As 
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shown in Figure 47, the heaters were located in the water line before 
the inlet to the 100-gallon reservoir. The 1500-watt heater was 
controlled by a relay actuated by a second relay which was actuated 
by the thermoregulator in the tank wall. 
Prior to start up, all thermometers used in this investigation 
{except the water line thermometers} were checked against each other 
at five degree intervals from 20° C to 35° C in a ± 0. 01° C water 
bath. This included 0. 1° C thermometers located on the inlet and 
outlet to the test section, on the inverted slant U -type manometer 
board, on the capillary viscometer unit water bath, on the capillary 
viscometer unit manometer board, in the capillary viscometer con-
stant temperature water bath, and in the water bath used in viscosity 
and density determinations, as well as the 0. 2° C thermometer 
located on the manometer board containing the rest of the pipe flow 
unit manometers. Eight thermometers were installed in these locations 
0 
which agreed with each other to better than 0. 05 C over the range 
specified above. 
The pipe flow piping was not insulated because it was found that 
after removal of transient effects the thermometers on the inlet and 
outlet to the test section {Figure 35} read the same at flow rates 
above 5 gpm under the ambient conditions present during 
experimentation. 
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The temperature control system was designed to maintain 
± 0. 1° C about the set temperature. In fact, more precise control 
was possible by adjusting the thermoregulator setting for each process 
flow rate and tube. In practice this was not done during friction 
factor measurements, and the temperature was controlled to ± 0. 1° C. 
But in the case of the velocity profiles where one flow rate was main-
tained for hours, it was not uncommon for the process temperature 
thermometers to remain invariant for the entire time. 
In the pipe flow system only the test sections were horizontal. 
All other piping was installed so as to drain as completely as possible 
through small drain lines provided in strategic locations. Viking 
pumps are manufactured with drain plugs at the lowest point. 
Intrinsic Viscosity Apparatus 
An ordinary constant temperature bath was used to determine 
intrinsic viscosities with a Lipkin pycnometer and a Ubbelohde sus-
pended-level viscometer. The bath included a Beckman thermometer 
and maintained ± 0. 01° C of the set temperature. The viscometer 
was calibrated with N. B.S. oils and pure solvents and the pycnometer 
with water. Further details of this apparatus are available elsewhere 
(24 ). 
Experimental Procedure 
A brief outline of the experimental procedure follows. Further 
details of the pipe flow procedures are in Appendix II. As mentioned 
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previously, procedures used in the intrinsic viscosity and capillary 
viscometry apparatuses are detailed elsewhere {24, 57a, 115 ). 
Preparation of Solutions. All solutions were prepared 
according to the procedures in Appendix II. 
Friction Factor Data in the Pipe Flow Unit. After the unit 
was filled with 55 gallons of the solution to be tested, a particular 
flow rate was established in the size tube desired and the temperature 
brought to equilibrium {± 0. 1 °C of set temperature). After a few 
minutes pres sure readings were taken on the appropriate manometer 
along with temperatures of the process fluid and manometer fluid. 
Then the flow rate was determined by weighing the amount of process 
fluid collected in the weigh barrel for an interval measured by a 
stop watch. 
The weigh barrel was then pumped almost empty and the pro-
cedure repeated for the next point. When it was desired to take data 
at the same flow rate in more than one tube size, it was usually found 
convenient to measure the flow rate in the smallest tube. 
The flow meter reading at a given flow rate was found experi-
mentally to be independent of the test section diameter {i.e. , pressure 
at the flow meter) for all flow rates used in this investigation. 
Naturally the pump speed had to be increased when switching from 
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the 2-inch to the l-inch or the l-inch to the 1/2-inch tubes in order 
to maintain the same meter reading and flow rate. 
Velocity Profile Data. Velocity profiles were usually taken 
after the friction factor data. The desired flow rate was established 
in the 2- inch tube, and the temperature brought to equilibrium. The 
wall position was determined electrically by measuring with a VOM 
meter the contact of the probe tip with the wall. As shown by 
Figure 39 the probe tip could touch only the wall opposite the microm-
eter mechanism. All micrometer screws tend to wear a little and 
develop a little "play." The inaccuracies associated with this "play'' 
were completely avoided by adopting the procedure of advancing the 
probe only in the direction of the wall opposite the micrometer 
mechanism while determining the wall position or making a traverse. 
After the wall position was determined, the probe tip was 
moved 0. 1 to 0. 2 inches past the position of the first data point 
toward the micrometer mechanism. Then the probe tip was moved 
away from the micrometer to the initial point. The correct manom-
eter was valved in, and a suitable time (as long as ten minutes in 
the more viscous fluids) for pressure equilibrium was allowed. The 
diameter of the probe was small and thus afforded a severe restriction 
to flow in and out of the manometer lines. The manometer was read 
after checking the temperature and flow rate. The probe was then 
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moved in the direction away from the micrometer mechanism to the 
next point and the procedure repeated. 
In the case of profiles at bulk velocities below 5. 5 ft/ sec. , 
the well-type mercury micromanometer was used. The reading at 
zero pres sure difference was determined before and after the profile. 
At higher velocities the inverted process fluid manometer was used. 
Since the diameter of the probe was roughly half that of the static 
pressure tap and much longer in length, the total pressure leg of the 
manometer tended to change more slowly than the static pres sure leg. 
Therefore a valve in the static line was closed down until the resis-
tances to flow in each leg were the same ( 125 ). This procedure 
facilitated determination of pressure equilibrium. 
Unit. 
Friction Factor and Laminar Data in the Capillary Viscometer 
The same procedure was used to take both laminar and turbu-
lent friction factors. The laminar points were used to characterize 
the solution as to Newtonian or non-Newtonian behavior using the 
methods developed by Metzner and co-workers (85 ). 
First the proper tube was installed on the outlet from the bath 
and the water lines connected. The unit was filled with solution 
(about one quart), and constant temperature (± 0. 1° C of set tempera-
ture) was established. The described flow rate was obtained through 
the proper combination of pump size and speed. 
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The appropriate manometer or pressure gauge (calibrated 
with a dead-weight tester) was valved into the line. After the system 
had come to equilibrium, the flow rate was measured by catching the 
jet emitting from the capillary for a time interval measured by a stop 
watch. The volume of the solutions was then measured in a buret 
or graduated cylinder and the flow rate calculated in cc/min. The 
pressure and temperatures were then read to make sure no change 
had taken place. 
High flow rates required the addition of test solution to the 
reservoir in order to maintain the proper level during the flow rate 
determinations. 
Intrinsic Viscosity Data. The intrinsic viscosity was 
determined by the usual dilution method. Since well-established 
procedures were used, the reader is referred elsewhere (2, 4, 24, 
43, 60,147, 153). 
Calculations 
Most of the calculations performed in the course of this 
investigation were straight-forward and mainly a conversion of units. 
In place of sample calculations an outline of how the calculations 
were performed will be presented. 
All calculations except for concentrations and flow rates were 
performed on an IBM 1620 digital computer equipped with disk files. 
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The input data were checked against the laboratory notebook data by 
printing them from core memory prior to computations. All programs 
were written by the author, including general regression analysis 
routines. All regression analysis and least squares computations 
were done in double precision arithmetic since it has been shown (61) 
that single precision arithmetic (8 digits on a 1620 machine) can lead 
to erroneous coefficients and conclusions based on statistical tests 
(Most library regression analysis programs are single precision. ). 
Density. Equations for the density of benzene, cyclohexane, 
and toluene as a function of temperature were obtained from the 
International Critical Tables (67 ). The second and third order terms 
were negligible at the temperatures of interest. Hence the equation 
reduces to the form: 
p = (33) 
For each solvent the density calculated from Equation (33) at 
the temperature of experimentation is compared to the value measured 
experimentally in Table V. The constants used in Equation (33) are 
also in Table V. Literature data for mercury and water (58) between 
20° C and 40° C were correlated with a least squares line, and the 
resulting constants are also listed in Table V. 
The values of ~O and ~ 1 listed in Table V were used to calcu-




COMPARISON OF DENSITIES CALCULATED FROM EQUATION (33) 
WITH EXPERIMENTALLY DETERMINED VALUES 
Calculated Measured Per Cent 
Temp. (°C) Material J?en!;ity (gm s Icc) Density (gms Icc) Deviation ~0 
----~.~-
24.0 Benzene 0.8745 0.8736 0. 10 0.90005* 




















from the temperature at the time of the particular pressure reading. 
It was found that in the polymer-solvent systems at the concentrations 
studied no significant change of density with concentration occurred 
(24 ). Hence the above equations were applicable to the polymer 
solutions as well as the solvents. 
Pressure. The pressures were calculated from the heights 
of the manometer legs and the manometer fluid t~mperatures by the 
usual manometer equations. The angle of the inverted slant U -type 
manometer is given in Appendix I. The well-type mercury micro-
manometer readings were corrected for change in the height of 
mercury in the well by using the areas given in Appendix I. 
All pressure readings in the capillary viscometry unit were 
corrected for the kinetic energy loss and viscous entrance effects 
at the entrance to the tube. Bogue analyzed the laminar flow of 
nonelastic non-Newtonian fluids and introduced an empirical correc-
tion factor for the total entrance loss: 
AP Entrance (34) 
where CL is an empirical correction factor (13 ). Bogue found that 
C L was a function of the pseudoplasticity of the solution. In his 
thesis Bogue used a value of 1. 08 for water and l. 0 for his pseudo-
plastic fluids (14). 
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Since this investigation was concerned with thin fluids, Mr. 
C. D. Green and the author determined the value of C L for toluene. 
The details of the calculations are available elsewhere (57a}. For 
toluene the exact value found by Bogue, 1. 08, was obtained for CL. 
For turbulent points all pressure readings were corrected for kinetic 
energy using a value for CL of 0. 5. 
Thus the fluid pres sure was calculated from: 
A P corrected = AP entrance + AP observed (35} 
·For the long capillaries such as those used in this investiga-
tion, entrance effects and kinetic energy corrections are small. Since 
only one non-Newtonian fluid was studied and since it was probably 
elastic, Bogue's correction factor was not applicable, and the New-
tonian value of 1. 08 for C L was arbitrarily used for all laminar points. 
Shear Stress and Shear Rate at the Wall. These quantities were 
calculated from Equations (3} and (4 ). For the one non-Newtonian 
fluid, the Rabinowitsch correction, Equation (4 ), was neglected since 
it was only 2. 5 per cent. The average velocity was calculated from 
the flow rate data which was taken in lb/min. In turbulent flow,· 
Equation {38) was used to estimate the shear rate at the wall. 
Fluid Consistency Index and Flow Behavior Index. These were 
calculated from the laminar points taken in the capillary-viscometer 
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unit. A plot of log Tw versus log 8 V /D was sloped by least squares 
and K' and n' determined from the slope and intercept. If n' were 
found not to differ significantly from unity over the range of interest, 
then K' was calculated from the average of the point values so as to 
avoid extrapolation errors and obtain a more reliable value. 
If a polymer-solvent combination exhibited Newtonian be-
havior at the highest concentration studied here, then all lower con-
centrations were assumed to be Newtonian also, and viscosities 
obtained from Ubbelohde or capillary viscometer measurements 
were used in calculations. 
Reynolds Number. Three Reynolds numbers were calculated, 
NRe from Equation (6}, N'Re from Equation (18}, and NReS from 
Equation {22 }. In the case of NRe and NReS' the viscosity used was 
at the nominal temperature of the run. 
Velocity. Local velocities were calculated from the differ-
ence between the total head and the static pressure by using the 
Bernoulli equation. No corrections were applied. It is known that 
all pi tot tube readings are in error due to several causes { 14, 55, 71, 
125 }. However all proposed corrections are empirical in nature and 
poorly established. Thus the position was taken that no correction is 
better than an erroneous one. 
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Integration of Velocity Profiles. The velocity profiles were 
integrated using regression analysis techniques. The procedure was 
to find the lowest degree polynomial which adequately represented the 
data by successively performing analyses of variance (AOV) in order 
to measure the reduction in variance of the "N+ 1 11 degree least 
squares polynomial compared with the "N" degree least squares 
polynomial (57). The model fitted was of the form: 
u 




... + E (36) 
where r is the distance from the centerline of the pipe, the 13' s are 
the least squares coefficients, and E the error. 
The data from any one profile was fit with successively higher 
degree polynomials until it was found that the "N + 1" degree poly-
nomial did not significantly improve the fit from the "N" degree 
polynomial at the 95 per cent confidence level. The "N" degree 
polynomial was then integrated analytically to find the mass flow 
rate by the following equation: 
2TT 1 
r 
5o I ( r \ Jo vr I r \ d de ( - I _,R I R) (37) 
v -
rzrr So1 (~) 
/ '\ 
d ( r ) de -
....,0 R 
No polynomial of more than 7th degree was used. 
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Drag Ratio. The drag ratio was calculated from the solvent 
Reynolds number, the measured friction factor, and the von Karman 
equation, Equation (9 ). The von Karman equation was solved for 
friction factor at the value of the solvent Reynolds number by trial 
and error. The standard Newton's method for the roots of equations 
was followed (63) until the right side of Equation (9) agreed with the 
left side to better than five in the seventh digit. A study of the 
iterative process by the author showed that if the starting value 
were within a factor of three, then convergence took between two 
and five iterations. The drag ratio was then calculated by dividing 
the measured friction factor by the solvent friction factor. 
Relaxation Time. Relaxation times were calculated from 
Equation {3 2), which was derived by Zimm for the case of non-free 
draining molecules {155 ). 
Distance from the Wall. The distance from the wall was 
calculated from the difference in the micrometer readings at the 
wall position and at the particular location where the reading was 
taken. The wall position was calculated by adding 0. 018 inches 
(one-half the pitot tube diameter) to the micrometer reading upon 
electrical contact between the probe tip and the wall. 
Data and Results 
The results of this investigation follow. As the quantity 
of data is large, the most important part of the raw data taken 
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in this investigation is presented in Appendix III for the convenience 
of future investigators. 
Table VI presents the intrinsic viscosities of the polymers 
1n the solvents studied in these experiments along with the estimated 
viscosity average molecular weight. The intrinsic viscosities of 
polystyrene in cyclohexane and PIB LMMH in benzene at the Theta 
temperatures are also included although no other measurements 
were taken in these systems. 
Classification of Fluids Studied 
All fluids tested could be adequately represented by a linear 
fit to the capillary data over the entire range of shear stresses. 
Table VII summarizes the flow curve data for the polymer solutions. 
As shown by Table VII, only one fluid was non-Newtonian, and that 
was one per cent PIB L-80 in cyclohexane (Run 14 ). All other fluids 
were found to be Newtonian since the value 1. 0 was included in the 
95 per cent confidence band about the slope as calculated by least 
squares. 
Table VIII presents the results of the analysis of variance 
(AOV) on the capillary data. The same procedure described pre-
viously for the integration of velocity profiles was used to determine 
the lowest degree polynomial that adequately represented the data (57). 
In six cases (Runs 1,4, 5, 6, 21, and 27) the quadratic fit actually 
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Table VI 
INTRINSIC VELOCITIES AND ESTIMATED VISCOSITY 
AVERAGE MOLECULAR WEIGHTS OF 
POLYMER SAMPLES):< 
Estimated 
Polymer Solvent Temp. (oc) [!) ] Mv 
Polystyrene Toluene 30. 0 1. 026 240, 000 
Polystyrene Cyclohexane 34.0 0.452 230,000 
FIB LMMH Cyc lohexane 25. 0 0. 469 48,000 
FIB LMMH Benzene 24. 0 0. 228 45,000 
FIB L-80 Cyc lohexane 25. 0 3.436 860,000 
FIB L-80 Benzene 24. 0 0.819 590,000 
PMMAG Toluene 30. 0 1. 703 1,500, 000 
-...i 
):c Data of I. C. Chang (24 ). 
Table VII 
SUMMARY OF THE CAPILLARY VISCOMETRY DATA* 
95o/o Limit 95% Limit n' n' 
........ 
Run Log K, ........ OnLo~ n' on n' Lower Bound Upper Bound 
1 -2.305 ±0. 010 I. 004 7 ±0. 0026 1. 0021 1.0073 
4 -2.223 ±0. 039 0.9877 ±0. 0097 0.9780 0.9974 
5 -1. 930 ±0. 019 0.9919 ±0. 0053 0.9866 0.9972 
6 -1. 314 ±0. 012 0.9919 ±0. 0036 0.9882 0.9955 
11 -1.913 ±0. 044 0.9808 ±0. 0121 0.9687 0.9929 
12 -1.957 ±0. 027 1. 0055 ±0. 0075 0.9980 0. 0130 
13 -1.750 ±0. 073 1. 003 7 ±0. 0210 0.9827 1. 024 7 
14 -0.914 ±0.052 0.8874 ±0.0137 0.8737 0.9012 
21 -1. 768 ±0. 052 1. 0045 ±0.0151 0.9894 1.0196 
27 -1. 923 ±0. 047 1. 0011 ±0. 138 0.9872 1. 0149 
37 -1. 888 ±0.043 0.9965 ±0. 0122 D. 9842. 1. 0088 
* Significant figures for any one number may be easily estimated from the confidence limit. 
The extra digits are needed to accurately recalculate the data. 






RESULTS OF THE ANALYSIS OF VARIANCE FOR THE 
CAPILLARY VISCOMETER DATA 
Degrees of 95% 
Run Std. Dev. Freedom F Statistic>:c >'c Table Value' 
1 0. 00753 53 0.89 4. 00 
4 0. 0113 13 0.51 4.68 
5 0. 0107 23 0.00 4.32 
6 0.00673 26 0. 03 4.28 
11 0.0280 50 4.84 4.01 
12 0. 0140 34 2. 49 4. 18 
13 0. 0217 19 8.63 4.38 
14 0. 0127 22 3.58 4.34 
21 0. 0162 20 0.23 4.37 
27 0. 0148 20 0. 03 4.37 
37 0.0116 20 4.35 4.37 
':c Values of the F Statistic may be found in any statistic book {57) 
or in most handbooks (58). These values are for one degree of 
freedom in the numerator and the number of degrees of freedom 
in the third column of this table in the denominator. 
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increased the variance as compared to the linear fit. In Runs 11 and 
13, the F statistic was greater than the table value. However, in 
view o£ the assumptions involved in the application of the AOV to this 
problem [ e. g. , errors being distributed normally and at the same 
time being multiplicative with regard to Equation (3 )] , the linear 
model was taken as the best representation of the data because the 
F statistic values were close to the table values. Also the standard 
deviations indicate more scatter in the data from Runs 11 and 13 than 
in the others. Moreover, the F statistic assumes very large values 
when the data is truly nonlinear. For example the F statistic calcu-
lated for the viscosity of water versus temperature data over a 16° C 
range was 1822. 70 (with 25 degrees of freedom) for the same AOV as 
shown in Table VIII. The viscosity of water is proportional to the 
reciprocal of temperature, and this large value was obtained with this 
nonlinear system. In view of these considerations, the capillary data 
in Runs 11 and 13 can be represented by a linear model. 
Figures 48 through 53 are the laminar flow curves for repre-
sentative fluids studied in this investigation. The line on the curve is 
the least squares line from Table VII. Only the highest concentration 
of each polymer-solvent system studied is shown. The toluene data 
are also included in order to show the consistency of the data. The 
absence of wall effects is emphasized by the fact that there is no 
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RUN 1 - PURE SOLVENT TOLUENE 
AT 30 DEGREES CENTIGRADE 
0 - . 009 INCH TUBE: 
<) - .013 INCH TUBE 
0 - • 023 INCH TUBE 
)l( - • 032 INCH TUBE 
iJ - . 0'+6 INCH TUBE . 
+ - . 062 INCH TUBE 
II - ·103 INCH TUBE 
1~--~--------~--------------~------------~----------~~ 
1000 10000 100000 
BV/ 0 (RECIPROCAL SECONDS) 


























RUN 6 - ~ PER CENT POLYSTYRENE 
IN TOLUENE AT 30 DEG C 
~ - .062 INCH TUBE 
@ - -103 INCH TUBE 
100000 
BV/ 0 (RECIPROCAL SECONDS) 
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RUN 1~- 1.0 PER CENT PIB L-80 
I IN CYCLOHEXANE AT 25 OEG C 
lOr ~ - .OLf6 INCH TUBE 0 - .061 INCH TUBE 
0 - .062 INCH TUBE 
t : 
1000 10000 100000 
BV/0 (RECIPROCAL SECONDS) 

































RUN 21 - 2.0 PER CENT PIB LMMH 
IN CYCLOHEXANE AT 25 DEG C 
0 - . 0Lt6 INCH TUBE 
)::( - . 062 INCH TUBE 
@ - ·103 INCH TUBE 
1 ~ 
1000 10000 100000 
BV/0 (RECIPROCAL SECONDS) 
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RUN 27 - 9000 PPM PIS L-80 
IN BENZENE AT 2~ DEG C 
-til- - .Q~6 INCH TUBE 
~ - .Q62 INCH TUBE 
. - . 103 INCH TUBE 
t··~------------~---------------+--------------4-------------~ 
1nnn 1nnnn 100000 
BV/0 (RECIPROCAL SECONDS) 






























I -~ . RUN 37 - 9000 PPM PMMA G 
I ~ IN TOLUENE AT 30 OEG C lOr / @ - .Olf6 INCH TUBE t8l - .062 INCH TUBE 0 - .103 INCH TUBE 
1~------------~------------~~------------~------------~ 
1000 10000 100000 
BV/0 (RECIPROCAL SECONDS) 






Except for Run 14, the ratios of diameters varied from about 2:1 to 
as much as 10:1. In Run 14 , the ratio was 1. 3:1. 
Friction Factor Data 
Figures 54 through 80 present the friction factor data . The 
lines on the graphs represent Equation {8) in the laminar region, 
and the von· Karman equation, Equation {9 ), in the turbulent region. 
Velocity Profile Data 
Figures 81 through 89 present the velocity profile data. The 
equation of von Karman with the constant proposed by Ross [Equation 
(14)] is plotted for four different Reynolds numbers in each figure 
in order to serve as references for comparison of the data. At a 
given Y/R value, the upper line is for a Reynolds number of 300,000, 
the next 100, 000, the third 40, 000, and the bottom 10, 000. 
Normal Stress Data 
Attempts were made to take normal stress data on several 
sol utions w i th a jet thrust apparatus built by Mr. C . D . Green {5 7a). 
However the solutions studied here turned out to be too dilute and too 
thin to obtain measurable thrusts with his instrument with the one 
exception of Run 14, which was one per cent PIB L-80 in cyclohexane. 























P.UN 1 - PURE TOLUENE AT 30 DEGREES CE NTIGRADE 
o - 009 INCH TUBE 
¢ .013 INCH TUBE 
o .Q23 INCH TUBE 
• - . 032 INCH TUBE 
• - . O'f6 INCH TUBE 
• - . 062 INCH TUBE 
il - . 103 INCH TUB( 
• - .510 I NCH TUBE 
o - 1 . 000 I NCH TUBE 
a - 2.000 INCH TUBE 
·
001
' 1c'oc 1c6oo 1cdooo ' 
REYNOLDS NU~BER BASED ON SOLVENT VISCOSITY 


























1 · ~------~-----------------------r----------------------~----------------------. 
-1 
RUN 2 - ~70 PPM POLYSTY RENE 2~0000 IN TOLUENE 
o ·510 INCH TUBE 
0 - 1 . 000 INCH TUBE 
o - 2. 000 INCH TUBE 
RUN 3 - 9~0 PPM POLYSTYRENE 2~0000 IN TOLUENE 
)( - . 510 INCH TUBE 
• - 1 . 000 INCH TUBE 
• - 2. 000 INCH TUBE 
· oo 1 1 ooo 1 o6oo 1 oo'ooo ' 
REYNOLDS NUMBER BASED ON SOL VENT VISCOSITY 
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RUN ~ - 9~00 PPM POLYSTYRENE 2qOQOO IN TOLUENE 
o - . 009 INCH TUBE 
0 - .Q13 INCH TUBE 
o ·023 INCH TUBE )( - . 032 INCH TUBE 
o - · 0'16 INCH TUBE 
• - . 062 INCH TUBE 
t;; - • 1 03 INCH TUBE 
I I 6 I I 
.001 1000 10 00 100000 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 



























P.UN 7 - CYCLD HEXANE AT 25 DEGREES CENTIGRADE 
o - . 509 INCH TUBE 
0 - . 999 INCH TUBE 
o - 1 . 998 INCH TUBE 
. l 
. Ql 0 
['] Q 
., OQ ~C) Q8s~., 
~ riJ 
· oo 11 1 abo 1 oooo 1 oo'ooo ' 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 


























u... ·-·~ • 
RUN 8 - 10 PPM PIB L-80 IN CYCLOHEXANE 
o - . 508 INCH 1 UBE 
<> - , 888 INCH TUBE 
o - 1 . 998 INCH TUBE 
RUN 9 - ~0 PPM PIB L-80 IN CYCLOHEXANE 
'1!. - • 509 INCH TUBE 
g - . 888 INCH TUBE 
~ - 1 . 998 INCH TUBE 
RUN 10 - 100 PPM PIB L-BO IN CYCLDHEXANE 
i - . 032 INCH TUBE 
• - . 0Lf6 INCH TUB£ 
• - . 062 INCH TUBE 
1 - . 509 INCH TUBE 
r:1 - • 999 INCH TUBE 
<> - 1 . 998 INCH TUBE 
I I O t I 
.001 1000 10 00 100000 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSI TY 




























RUN l l - 500 PPM PIB L-80 IN CYCLOHEXANE 
o - . 009 INCH T'JBE 
o - . 023 INCH TUBE 
o - . 032 INCH TUBE 
• - . 0'+6 INCH TUBE 
• - . 062 INCH TUBE 
• - .103 INCH TUBE 
t1 - . 509 INCH '!'UBE 
+ - . 999 INCH TUBE 
• - 1 . 998 INCH TUBE 
1 I 6 I I 
. 001 1000 10 00 100000 
REYNOLDS NUMBER BASED ON SOLVENT VISCOS ITY 
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RUN 12 - 1000 PP~ FIB L-80 IN CYCLOHE XANE 
o - .010 INCH TUBE 
0 - -013 INCH TUBE 
o - . 023 INCH TUBE 
):( - . 032 INCH TUBE 
• - .oq6 INCH TUBE 
• - . 062 INCH TUBE 
a - ·103 INCH TUBE 
• - . 509 INCH TUBE 
• - . 999 INCH TUBE 
8 - 1 . 998 INCH TUBE 
· oo 1 1 1 o'oo 10boo 10o'ooo ' 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 
PLOT OF SOLVENT REYNOLDS NUMBE R VERSUS FANNING FRICTION FACTOR 
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RUN 13 - 3000 PPM PIS L-80 IN CYCLOHEXANE 
a ~ .oa~ INCH TUBE 
o - . O't6 INCH TUBE 
o - . 062 INCH TUBE 
,1( - • 103 INCH TUB£ 
a - . 509 INCH 'TUBE 
~ - . 999 INCH TUBE 
B3 - 1 . 998 INCH TUBE 
· oot 1 10100 1 qooo ·10o'ooo ' 
REYNOLDS NUM BER BASED ON SOLVENT VISCOSITY 





























~l\ :~ 3000 PP~ P~B L-80 IN CVCLOHE XRNE 
o - .S09 l'JCii TUBE 
~L\ tJ~ - 3000 PPM PJB L-88 AfTE~ DEGRADAT1DN 
0 - .SOS I~Cii TG2E 
· oo 11 1 c'oo 1 c6oo 1 oo'ooo ' 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 
































RUN 1 ~ - 1 PER CENT PIB L-80 IN CYCLOHEXANE 
• • a iP 
o - . O't6 INCH TUBI:: 
0 - . 062 INCH TUBE 
o - ·103 INCH TUBE 
• - . 509 INCH TUBE 
• - . 999 INCH TUBE 
• - I . 998 INCH TUBE 
a• a 
11 ):( ):( ~ ·~ a 
· oo 11 1 o'oo 1 oooo 1 odooo ' 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 



























RUN 16 · 100 PPM PIB LHMH IN CYCLOHEXANE 
o .509 INCH TUBE 
<> - · 999 INCH TUBE 
o - 1 . 998 INCH TUBE 
RUN 17 - 500 PPM PIB LMMH IN CYCLOHEXANE 
)( - . 509 INCH TUBE 
• - . 999 INCH TUBE 
• - 1 . 998 INCH TUBE 
· oo 1 1 coo 106oo 1 co'ooo ' 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 



























RUN 18 - 2000 PPM P1B LMHH IN CYCLOHE XANE 
o - . 509 INCH TUBE 
o - . 999 INCH TUBE 
o - 1 . 999 INCH TUBE 
RUN 19 · 0500 PPM PIS LMMH IN CYCLOHE XANE 
):( - . 509 INCH TUBE 
g - . 999 INCH TUBE 
<> - 1 . 998 INCH TUBE 
. 001 1000 10000 100000 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 






































X 0 o ~xXX. 
Oo 0o~ 
<>o 
RUN 20- ~.O PER CENT PIB LMMH IN CYCLOHEXANE 
o - . 032 INCH TUBE 
RUN 21 - 2 . 0 PER CENT PIB LMMH IN CYCLOHEXANE 
0 - . 032 INCH TUBE 
o - .Q'i6 INCH TUBE )( - . 062 INCH TUBE 
• - .103 INCH TU8E 
• - . 508 INCH TUBE 
lili - • 999 INCH TUBE 
+ - 1 . 988 INCH TUBE 
· oot ' 1 o'oo 1 oooo 1 oo'ooo ' 
REYNOLDS NUMBER BASED ON SOLVE NT VISCOSITY 



























RUN 23 - 100 PPM PIB L-80 IN BENZENE 
o - . 509 INCH TUBE 
<> - . 999 INCH TUBE 
o - 1 . 998 INCH TUBE 
RUN 2~ - 500 PPM PIB L-80 IN BENZENE 
)( - · 509 INCH TUBE 
• - . 999 INCH TUBE 
o - 1 . 998 INCH TUBE 
.oot 1 10'ou 10~oo 10o'ooo ' 
REY NOLDS NUMBER BASED ON SOLVENT VISCOSITY 
PLOT Of SOLVENT REYNOLDS NUMBER VERSUS FANNING fRICTION FACTOR 



























RUN 25 - 2500 PPM PIB L-BO IN BENZENE 
a - . 509 INCH TUBE 
<> - . 999 INCH TUBE 
o - 1 . 998 INCH TUBE 
~ 
~ 
D 0 ~ OOOQ:)~ 
t:P, ~~ 
I I 6 I I 
.001 1000 10 DO 100000 
RE YNOLDS NUMBER BASED ON SOLVENT VISCOSITY 





























P.UN 26 - 5000 PPM PIB L-BO lN BENZENE 
o - . 509 INCH TUBE 
0 - . 999 I NCH TUBE 
o - 1-998 INCH TUBE 
.oot 1000 to6oo too'ooo ., 
REYNOLDS NUMBER BASED ON SOLVE NT VISCOSITY 


























RUN 27 - 9000 PPM PIS L-80 IN BENZENE 
o - . 032 INCH TUBE 
0 - . O't 6 INCH TUBE 
o - . 062 INCH TUBE 
• - . 103 INCH TUBE 
• - . 509 INCH TUBE 
• - . 999 INCH TUBE 
• - 1 . 99B INCH TUBE 
I I 6 I I 
. 00 1 1000 10 00 100000 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 
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RUN 29 - ~0 PPM PMM G IN TOLUENE 
o - .509 INCH TUBE 
0 - . 999 INCH .t"UBE 
o - 1 . 998 INCH TUBE 
RUN 30 - 150 PPM PNMA G IN TOLUENE ~ 
0 lt - . 509 INCH TUBE 
f.- @ - • 999 INCH TUBE 
U ~ - 1 .998 INCH TUBE 
cr: . 1 
LL RUN 31 - 500 PPM PMMA G IN TOLUENE 
Z ~ - . 509 INCH TUBE 
D • - . 999 INCH TUBE 
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REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 



























RUN 32 - 1000 PPM PMHA G IN TOLUENE 
o - . 509 INCH TUBE 
0 - . 999 INCH TUBE 
o - 1 . 998 INCH TUBE 
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RUN 33 - 2500 PPM PMMA G I N TOLUENE 
a - .509 INCH TUBE 
<> - • 999 INCH TUBE 
o - 1 . 998 INCH TUBE 
I I 6 I I 
. 001 1000 10 00 100000 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 
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. t 
RUN 33 - 2500 PPM PMHA G IN TOLUENE 
a - . 509 INCH TUBE 
RUN 33A - 2500 PPM PMMA G AfTER DEGRADATION 
<> - • 509 INCH TUBE 
1'1 D 
l'l D 
~19 88 R 
· 
00 1
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REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 




























RUN 3~ - ~000 PPM PMMA G IN TOLUE NE 
o - .509 INCH TUBE () - . 999 INCH TUBE 
o - 1 . 998 INCH TUBE 
--...Q.~Q_o~ --.- ~ ' 
-~-- <:> -Ooo 
0 I I 
·001 1000 10 DO 100000 
REYNOLDS NUMBER BASED ON SOLVENT. VISCOSITY 



























RUN 35 - 5500 PPM PMMA G IN TOLUENE 
o - . 032 INCH TUBE 
o - . 0'+6 INCH TUBE 
o - . 062 INCH TUBE 
JC - • 509 INCH TUBE 
• - -999 INCH TUBE 
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RUN 36 - 7000 PPM PMMA G IN TOLUENE 
o - . 509 INCH TU!3E 
<> - . 999 INCH TUBE 
o - 1 . 998 INCH TUBE 
. 1 
---------------
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.QQl 1000 10 00 100000 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSITY 

































RUN 37 - 9000 PPM PMMA G IN TOLUENE 
o - . 032 INCH TUBE 
¢ - . 0'+6 INCH TUBE 
o - . 062 INCH TUBE )( - . 103 INCH TUBE 
a - . 509 INCH TUBE 
~ - . 999 INCH TUBE 
Ill - 1 . 998 INCH TUBE 
Ill Ill . Ill 
I I 6 I I 
. 001 1000 10 00 100000 
REYNOLDS NUMBER BASED ON SOLVENT VISCOSI TY 
PLOT OF SOLVENT REYNOLDS NUMBER VERSUS FANNING FRICTION FACTOR 

























RUN 15 - RECHECK Of CYCLOHEXANE AFTER L-80 RUNS 
o - . 509 INCH TUBE 
¢ - . 999 INCH TUBE 
0 - 1 . 998 INCH TUBE 
RUN 22 - PURE SOLVENT BENZENE AT 2~ DEGREES C 
)( - . 509 INCH TUBE 
Ill - • 999 INCH TUBE 
• - 1 . 998 I NCH TUBE 
RUN 28 - RECHECK Of TOLUENE AFTER BENZENE RUNS 
1a1 - • 509 INCH TUBE 
• - . 999 I NCH TUBE 
• - 1 . 998 I NCH TUBE 
I I 6 I 
-001 1000 10 DO 100000 
REYNOLDS NUMBER BASED ON SOL VENT VISCOSITY 
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RUN 1 - PURE TOLUENE 
AT 30 DEGREES C 
o - N-RE = 7'+ 700 
0 - N- RE = a2600 
0- N-RE = 162000 )(- N-Rf = 162000 
o- N-Rr :.. 201000 
REFERtNCE CURVES FROM EON (1~) 
.s .1 .2 .3 -'+ .s -6 .7 .a .s t.c 
DIMENSI ONLESS DI STANCE , Y/R 
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T c;) 0 0 0 0 0 
.a 
l RUN 7 - PURE CYCLOHEXANE ·7 AT 25 DEGREES C a- N-RE = 37500 0- N-RE = 37500 0 - N-RE = 97500 I REffRENCE CURVES FROM EON (1~) 
.6 
.s .1 .2 .3 · '+ .s .s . 7 .a .s t.o 
DIMENSIONLESS DISTANCE, Y/R 
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RUN 11 - 500 PPM PIS 
L-80 IN CYCLOHEXANE 
e- N-RE = 3't300 
0- N-RE = 6'+'+00 
o - N-RE = 97600 
REfERENCE CURVES fROM EQN (1'tl 
.s .1 .2 .3 ·'+ .s .6 .7 .e .s 1.0 
DIMENSIONLESS DISTANCE, Y/R 
PLOT Of DIMENSIONLESS VELOCITY VERSUS DIMENSIONLESS DISTANCE 
fiGURE 83 1--' 
'-'> 
VJ 
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RUN 13 - 3000 PPM PIS 
L-80 IN CYCLOHEXANE 
o - N-RE = 20000 
<>- N-RE = 38'+00 
o - N-RE = 58600 
REFERENCE CURVES fROM EON (1'+) 
.s .1 . 2 .3 .'+ .s .6 .7 .a .. 9 1.0 
DIMENSIONLESS DISTANCE> Y/R 
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.a 
RUN 1~ - 1 PER CENT PIB 
.7 L- BO IN CYCLOHEXANE 
a- GEN- RE = lO'tOO 
0- GEN-RE = 15700 
REFERENCE CURVES FROM EON (l't) 
.6 
.s .1 . 2 .3 .<+ .s .6 .1 .a .s 1 .0 
DIMENSIONLESS DISTANCE, Y/R 



































1 1 1 I I I , j 
·Sr- ~~~~ ':l 
I /a/7 B 
.a 
.7 RUN 25 - 2SOU PPM PIB L-80 IN BENZENE AT 2q C 
o- N-RE = 50200 
<> - N-RE = 103000 
o - N-RE = 138000 
RCfERENCE CURVES FROM EON (1~) 
.6 
.s .1 .2 .3 .q .s .5 .7 .a .s 1.0 
DIMENSIONLESS DISTANCE) Y/R 



































RUN 27 -9000 PPM PIB L-80 
IN BENZENE AT 2~ C 
o - N-RE = 62100 
0 - N-RE = 85200 
REfERENCE CURVES fROM EON (1~) 
.s .1 .2 .3 -~ .s .6 .7 .e .s t .o 
DIMENSIONLESS DISTANCE, Y/R 
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RUN 33 - 2500 PPM PHHR 
G IN TOLUENE 
o - N-RE = 55700 
o - N-RE = 110000 
0 - N-RE = 157000 
REffRENCE CURVES fROM EON (1~) 
. s ~------*-------~------~-------4~------~------~------~------~~----~~----~ 
. 1 .2 . 3 .<t .5 .s . 7 .a .s t .o 
DIMENSIONLESS DI STANCE) Y/R 
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.s 
.a 
RUN 37 - 9000 PPM PMMA 
.7 G IN TOLUENE 
o- N-RE = 57100 
~- N-RE = 80700 
REFERENCE CURVES FROM EON (1~) 
. 6 
.s .1 .2 .3 .~ .s .6 .7 .s .s 1·0 
· DIMENSIONLESS DISTANCE) Y/R 





Shear Degradation Data 
Mr. I. C . Chang studied the shear degradation of some of 
the solutions prepared in this investigation (24 ). The results of 
his study were that shear degradation was much more of a problem 
in PIB solutions than in PMMA solutions. In the highest concen-
trations of PIB in benzene the relative viscosity decreased eight 
per cent during the friction factor run. In the 3000 PPM PIB in 
cyclohexane the decrease was three per cent. However in tne 
PMMA solutions, the decreases were on the order of one per cent 
or less . 
Proof of the Equipment and Procedure 
The results of the classification of the fluids studied here are 
in agreement with the polymer literature . As discussed earlier, 
Flory and Fox observed insignificant variations in the specific 
viscosity as a function of shear rate for polymer-solvent combina.-
tions with intrinsic viscosities less than 3. 0 (44, 45 ). It was 
found here that only the polymer-solvent system with intrinsic v is-
cosity greater than 3 . 0 was non-Newtonian at the highest concentra-
tion studied (cf.. Table VII). Possibly, undegraded samples of 
PIB L-80 in cyclohexane may be non-Newtonian at concentrations 
lower than one per cent. However the polymer solutions were 
degraded somewhat before friction factor and other measurements 
were taken (cf. Appendix II). 
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The friction factors for cyclohexane and toluene agreed well 
with the von Karman equation, Equation (9 ), for friction factors of 
Newtonian liquids in smooth tubes. As discussed earlier in the 
equipment section, most of the friction factors for toluene were 
taken with used and worn out equipment. Different tubes and a new 
flow meter and pump were used for the cyclohexane data, Run 7 1 
and all subsequent runs. 
Table IX compares the average absolute deviation from the 
von Karman equation of the Newtonian friction factor results of this 
study with similar results of other studies in the literature. As can 
be seen in Table IX, this investigation was able to dupli cate 
N1kuradse 1 s results extremely well. After every polymer so l ution 
was dra1ned, the fresh solution was tested for contamination, and at 
t.he san,e time the equipment and procedur e were r echecked by r e p eal-
ing friction factor data. As shown in Table IX, the check runs were 
as precise as the original cyclohexane r esults. 
Special data were also taken in two polymer-solvent systems 
that were drag reducing in order to establish the linearity of pressure 
drop with tub e l ength. In e very instan ce the pressure drop across AB 
[ cf. Figure (36)] was equal to that a cro ss BG , and AB plus BG 
equaled AC within experimental error. 
All velocitiy profiles were integrated by regression analysis 
techniques in order to compare the average velocity as measured 
Table IX 
COMPARISON OF NEWTONIAN FRICTION FACTOR RESULTS 





D eviation from Eqn. (9) 
Nikuradse (82} 
















on three solvents 
1.6o/o 
5 . 4o/o 





•:< Disregarding the first point in Run 15 which obviously was 
calculated from a misread numbe r. 
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directly with a mass balance cal culated from integration of the profile. 
Table X presents- the results of the integration. The agreement 
between the measured flow rates and the integrated flow rates is 
excellent. 
Table XI presents a comparison of the averag~ absolute dis-
crepancies in tnass balance for velocity profiles of this study with 
those of other investigators. Again this investigation compares very 
favorably. 
Table X 
COMPARISON OF INTEGRATED AND MEASURED VELOCITIES 
' 
Measured Integrated o/o 
Run Polymer Solvent Cone. (o/o ) NRe Velocity Velocity Diff. 
- 1 
-
Toluene - 74, 700 2. 92 2.96 - 1. 6 
82,600 3.22 
-* -* 
161,500 6.31 6.24 1.0 
161' 500 6.31 6. 25 0.9 




- 97,500 7.22 7.26 -0.4 
37,500 2.78 2. 76 0.6 
37,500 2. 78 2. 79 -0.4 
11 PIB L-80 II 0.030 97,600 8. 12 8.31 -2.2 
34,300 2.85 2.82 1.3 
64,400 5.36 5. 40 -0.6 
13 PIB L-80 " 0. ) 0 20,000 2. 78 2.69 3.5 
58,600 8. 18 8.30 -1.4 
38,400 5.35 5. 57 
- 3. 9 
14 PIB L-80 ., 1.0 10,400 5.62 5.66 -0. 7 
15.700 8. 13 8. 10 0.3 
25 P1B L-80 Benzene 0.25 50,200 2. 74 2.66 2.8 
103,000 5.63 5.61 0. 4 
138,000 7.56 7.45 1.4 
27 PIB L-80 " 0.90 62, 100 5.52 5. 70 -3.2 
85,200 7.58 7. 40 2.3 
33 PMMAG Toluene 0.25 55,700 2.90 3. 03 -4.3 
110, 000 5. 70 5. 75 
-0.7 
157,000 8. 19 8.29 -1. 2 
37 II II 0. 90 81,200 7.99 8. 12 -1. 5 N 57, 100 5.66 5.66 0.0 0 ~ 
* Incomplete Profile. 
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Table XI 
COMPARISON OF DISCREPANCIES IN MASS BALANCE FOR 
VELOCITY PROFILES OF THIS STUDY WITH THOSE OF 
OTHER INVESTIGATORS 
Investigator Number of Profiles 
Average 
Absolute Deviation 
Shaver {129) 8* 6. lo/o 
Bogue (15) 27 l. So/o 
Eissenberg (32) · 4 *>lc 2. 7o/o 
4 . 6o/o 
Hershe y 25 l.So/o 
* Turbulent Profiles in 0. 624-lnch tube only. 
** Water Profiles only. 
*** Water Profiles not available . 
V . THEORY OF DRAG REDUCTION IN TERMS 
OF RELAXATION TIMES 
As shown by the results of this investigation and prior 
investigations, drag reduction seems to occur in two separate 
flow regions. In one region the occurrence appears to be as a 
result of a delayed onset of turbulence or an extension of the 
laminar range. In the other, drag reduction occurs at high flow 
rates in turbulent flow. At some, as yet undefined, condition, 
first turbulence suppression and then drag reduction occurs . The 
discussion will be restricted to Newtonian fluids such as studied 
in this investigation. 
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Drag Reduction in Fully Developed Turbulent Flow. A 
polymer molecule in dilute solution has a spectrum of relaxation 
times corresponding to the different modes of vibration. If a 
polymer molecule can be divided into N segments, then there will 
beN possible modes, as discussed in the literature review. It 
can be easily shown from the theories describing relaxation times 
that the relaxation times decrease sharply from the longest time 
which is characteristic of the primary :mode. 
If the polymer phase is polydisperse, as almost all 
commercial polymers are, then each molecule in the distribution 
will have its own spectrum of relaxation times accor,ding to its 
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degree of polymerization. Thus a two-way distribution of molecular 
weights and relaxation times exists. 
When a Newtonian polyme·r solution is flowing turbulently, 
typical Newtonian friction factor behavior will be observed provided 
the relaxation times of the major portion of the polymer molecules 
are small compared to a time scale characteristic of the flow. The 
characteristic time scale will be described in more detail subsequently. 
Turbulence is generated by strong velocity gradients in the 
flow . Naturally in a pipe the steepest velocity gradient is near the 
wall. Hence the intensity _of turbulence is greatest near the wall 
and decreases toward the center of the tube (64 ). It is further 
believed that not the largest eddies in size but the eddies at the 
highest frequency are those of maximum kinetic energy and hence 
c~use most of the diss.ipation of energy associated with turbulent 
flow (6 8 ). The large size eddies are responsible for the bulk mix-
ing effects. .But it is postulated that the bulk mixing associated 
with high frequency eddies is actually very smalL When a fluid 
molecule is highly stressed, a high frequency eddy is formed. 
Then the stressed molecule relaxes so as to relieve the stress. 
In relaxing it stresses a second molecule. Viscous dissipation 
occurs because of the work necessary to perturb the molecules. 
The result is that as the edd:y moves from molecule to molecule, 
the energy associated ·with it will become smaller and smaller. 
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But now let us consider the case of a molecule whose relax-
ation time exceeds the characteristic flow value. Since the polymer 
molecule cannot vibrate (or relax} fast enough to d issipate energy at 
the original high frequency, it must deform elastically and then 
relax at a lower frequency. Hence the high frequency eddy is trans-
formed into a low frequency eddy, for which the vi·-.·cous dissipation 
is less because the energy transfer is more efficient ~ 
There will be some Reynolds number for every pipe and fluid 
at which turbulence suppression starts because the time characteristic 
of the flow is shorter than the relaxation time of the fluid. This 
Reynolds number will be defined as the critical Reynolds number. 
Since in dilute polymer solutions the polymer molecules are 
relatively far apart, turbulent eddies are still formed in the solvent. 
The eddy may still be transmitted through the relatively short relax-
ation tirne solvent media until a polymer molecule with a short 
relaxation time is reached. At this point the energy associated with 
the eddy is transferred to the polymer molecule , and the eddy loses 
its dissipative power as described previously . Thus turbulence still 
exists in the polymer solution in the solute-free portion, even 
though the high frequency eddies are damped out when a polymer 
molecule with a sufficiently long relaxation time is reached . This 
is offered as an explanation why friction factor data for the drag 
reducing fluids of Dodge , Meter, Park, Wells, Savins, and others 
show gradual changes of slope in the drag reducing, turbulent 
region as flow rates increase, as discuss e d i n the literature 
review section. 
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With the present state of knowledge of turbulence, the 
characteristic time scale associated w ith the flow cannot be as 
precisely defined as desirable . There is a statistical lower limit 
to the s i ze of the smallest eddy due to the fact that euch an eddy hae 
a tremendou sly high velocity gradien t (i. e . , shear rate) which i s 
limited b y the vis cous s h ear stress counteracting the eddy motion. 
In this regard Hinze states that within the smallest eddies the flow 
is really laminar with mol ecul ar effects dominating (64 ). T hus 
the characteristic time scale associated with the flow is probably 
larger than the minimum time scale corresponding to the highest 
frequency eddy, but still i n the range of frequencies causi ng most 
of the turbulent e nergy dissipation. 
By using the theory of Zimm, a quantitative estimate of 
relaxation times of polymer molecules in dilute solution can be 
obtained ( 1 55 }. If the molecul ar weight distribution of the polymer 
w ere known, then a two way spectrum could be calculated. 
The problem of obtaining a characteristic time scale for 
the flow is formidable however. I£ the characteristic time scal e 
is of t h e order of mag nitude of the shear rate at the wall , then 
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Zimrn 's theory could be used with this theory in order to predict 
the occurrence of drag reduction. But accurate estimation of the 
shear rate at the wall in turbulent flow is not presently possible. 
Drag Reduction in the Extended Laminar Region. Drag 
reduction as a result of the extension of the laminar region is 
more difficult to explain. Perhaps there are just enough molecules 
of high molecular weights and large relaxation times to cause a 
delay of the onset of turbulence, but not enough for drag reduction 
at high flow rates . Equally possible in that the onset is reduced 
because of poss ible aligrunent of the polymer molecules in laminar 
flow, thus repressing transverse eddies. A third possibility i n 
the case of pseudoplastic fluids is that an adverse viscosity 
gradient toward the center of the tube might damp turbulent fluctu-
at i ons . This last mechanism has been discussed in the literature, 
as mentioned previously {130 ). 
In summary, for a given tube the flow rate at which the shear 
rate at the wall equals the characteristic relaxation time of the 
molecule will be the flow rate where turbulence suppression begins. 
For the turbulent region the shear rate at the wall may be estimated 






In the laminar region the shear rate at the wall is given by 
Equation (4 }, which equals Equation (38) for Newtonian fluids. 
If the characteristic shear rate is known for a given 
polymer solvent system, the fluid velocity at which turbulence 
s u ppression begins in a particular size tube is then calculated 
using Equation (3 8) in the turbulent range to get API L and 
Equation (9) to find the Reynolds number by trial and error. If 
the critical Reynolds number is laminar, then the velocity may 
be calculated from Equation (4 ). 
Comparisons of This Theory With Experimental Results 
of Other Investigators. A quantitative comparison of this theory 
with the results of other investigators cannot be made at this time 
because all the necessary supporting data such as intrinsic viscosity 
or some othe.r crucial item are not available. 
Qualitative comparisons are possible, however. Shaver's 
data in PYA and ammonium alginate solutions show drag reduction 
in the e.xtended laminar region, but not in the fully developed turbu-
lent region, as mentioned in the literature review section. 
All the o ther drag reducing data plotted in this thesis or 
otherwise reviewed by the .author are of the second t ype where 
drag reduction occurs in turbulent flow. Toms made concentration 
studies in turbulent pipe flow ( 142 ), as discussed earlier. In 
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Figures 3 • 4, and 5, it is seen that the critical Reynolds numbers 
in the 0. OS 0-inch tube for all concentrations of P MMA in mono-
chlorobenzene studied were in the laminar or transition region. 
Hence , as shown by the f r iction factor plots, drag reduction starts 
immediately in the transition region, and the points at the higher 
flow rates show the curvature typical of drag reducing friction 
factors, as d i scussed earlier. 
Even more striking is the data in the 0. 159-inch tube. At 
0 . 3 13 gms/liter concentration the critical Reynolds number is in 
the turbulent region. Newtonian friction factors are exhibited 
before the critical Reynolds number, and turbulence suppression 
and drag reduction are exhibited after the critical Reynolds number . 
Although the data are sparce, it is seen in Figures 3 and 4 that 
increasing the con centration results in fewer points with strictly 
Newtonian friction factors, as correctly predicted by the theory 
offered here. 
The data of Wells, which are plotted clearly in his paper 
( 149), show the same effects . Although his friction factor range 
begins at the Newtonian line, it is evident that at his lowest con-
centration the critical Reynolds number is in the turbulent region 
whereas in the more concentrated solutions the critical Reynolds 
number is shifted into the transition and laminar regions. 
Since D odge (30 ), M eter (82 ), and Shaver (1 29 ) were all 
interested in pseudoplastic fluids, they studied solutions of 
relatively high concentration. Thus in Shaver 's and Dodge ' s CMC 
solutions and M e ter's Natrosol solutions, as shown in Figures 
6, 7, 8, 9,10, and 17, the c r itical Reynolds numbe rs are in the 
laminar or transition region . Only in dilute solutions, such as 
studied in this investigation and by Wells and Toms, are the 
cricital s o l vent Reynolds numbers in the turbulent region. 
213 
Limitations . The quantitative tests of this theo ry are 
limited by several further considera tions. First, the theory of 
Zimm does not predict correct relaxation ti;nes a s concentration 
approaches ze r o. I n addition to this lower bound, there is probably 
an upper bound in the second concentration region (discussed in the 
literature review section) where the polymer mol ecules interfere 
with each other. A third limitation of Zimm' s theory is that non-
Newtonian effects are not predicted, and solutions whi c h a r e not 
Newtonian may be excluded. And as mentioned previously Zimm' s 
theory assumes Gaussian chain statistics, which are perhaps a 
better representation of Theta solvent than of good solvent 
behavior. 
A fur ther limitation of the quantitative part of this proposed 
theory lies in the calcula tion of the shear rate at the wall . In turbu-
lent flow the predictions of the shear rate a t the wall from Prandtl ' s 
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equation have never been checked experimentally. In the transition 
region between laminar and fully developed turbulent flow, no 
equation at all for the wall shear rate has been proposed to the 
knowledge of the author. 
Notwithstanding these limitations, the theory proposed here 
makes a contribution to the theory of drag reduction and toward a 
better understanding of the nature of turbulent flow in simple fluids 
as well by explaining qualitatively the previous experimental results 
in the turbulent region and by applying semi-quantitative testa to 
the present data (as will be shown in the section on discussion of 
results). 
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VI. DISCUSSION OF RESULTS 
Friction Factors 
Toluene. Figure 54 shows the toluene data of Run 1. There 
is a slight trend away from the Newtonian line at higher Reynolds 
numbers . 
Polystyrene (Molecular Weight about Z40, 000)- Toluene. Of 
the five polymer-solvent systems studied, drag reduction was found 
in four of them. 0 Only the polystyrene-toluene system at 30 C was 
non-drag reducing. In view of the importance of the diameter effect 
as shown in the literature review, ·measurements in all solutions 
were concentrated in the smallest tubes and at the highest flow rates 
attainable with the existing equipment. There was definitely no drag 
reduction in the 0. 51 0-inch tube at solvent Reynolds numbers as 
high as 200, 000 with polystyrene concentrations up to 0. 5 per cent, 
as shown by Figures 55, 56, and 57. And there was definitely no 
drag reduction in the capillary tubes at the highest Reynolds numbers 
111easured with concentrations up to 0. 94 per cent. A 3 . 72 per cent 
solution was checked in the capillary unit in Run 6, but the viscosity 
was too high to a c hieve turbulence. 
It will be shown later that the flow rates in Runs 2, 3, 4, and 5 
were sufficiently high to cause drag reduction in every other polymer-
solvent system studied in this investigation. Probably drag reduction 
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could have been achieved with toluene and polystyrene if a higher 
molecular weight sample were available and/or the equipment were 
c apable of higher flow rates. 
Cyclohexane. Figure 58 shows the friction factors for 
cycl~hexane in Run 7 after new equipment was installed in place of 
some su·rplus equipment. The data for the three large tube• ehow 
lese ec:atter than the toluene data ehown in Figure 54. 
PIB L-80 (Molecular Weiaht abou~ 72.0, 000) • Cyclohexane. 
Figure 59 shows the data for the 10, 40, and 100 PPM (by weight) 
concentrations. In the large equipment there was no drag reduction. 
However, in the small unit with the 100 PPM solution, drag reduction 
was obtained in the 0. 046-inch tube but not in the 0. 062-inch tube. 
In the 0. 032-inch tube , the Zenith pump was unable to deliver the 
thi n fluid at a high enough flow rate to obtain an indication of the 
diameter effect. 
The 500 PPM solution was more pumpable, however, as 
seen in Figure 60. Drag reduction was ·obtained in the 0. 032-, 
0 . 046-, 0. 062-, and 0. 509-inch tubes. In -the 0. 032-inch tube the 
transition to turbulence was delayed to higher Reynolds numbers. 
A transition did appear at a solvent Reynolds number of about 3400. 
Once past the transition the slope of all tubes in the drag reducing 
region appeared to be roughly the same. The 0. 046-inch tube 
exhibited about the normal laminar -turbulent transition, but drag 
reduction occurred before "Newtonian" turbulent flow was ever 
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reached. On the other hand in the 0. 062-and 0 . 509-inch tubes, 
fully developed Newtonian turbulent flow existed before the onset 
of drag reduction. The maximum drag reduction was 43 per cent 
in the 0. 032-inch tube and nine per cent in the 0. 509-inch tube. 
Drag reduction in the 0. 999-inch tube was only four per cent at the 
highe at flow rate obtainable. 
For the 1000 PPM solution ' in Run 12 the resulta were 
sitnilar to the 500 PPM in Run 11 as indicated by a comparison of 
Figures 60 and 61, except that the amount of drag reduction was 
increased. The maximum drag reduction was 49 per cent in the 
0 . 032 - i n ch tube and 27 per cent in the 0 . 509-inc h tube . 
I n Run .13, 3 000 PPM, (shown in Figure 62) in the 0. 062 -inch 
t ube the drag reduction was reduced from eight per c ent at 1000 
PPM to a minus six per cent at 3000 PPM at a flow rate of about 
0 . 145 gpm. Similarly in the 0 . 032-inch tube the maximum drag 
r educ tion was reduced from about 48 per cent to about 41 per cent. 
However, in the 0. 509-inch tube no change in drag ratio was observed 
with t.he increase in concentration of polymer between Runs 12 and 13 . 
Fro~ these runs it is evident that in PIB L-80- cyclohexane 
solutions maximum drag reduction occurs at different concentrations 
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1n d1tf~< ent s i ze tubes . Toms' data showed the same effect 
(1 4 2. ), 
F 1gure 63 shows the result of shear degradation on the 
3000 PPM s olution. The degraded points were taken about 12 
p u mp1ng h o ur s after the initial points. The drag reduction was 
r edu c e d from 27 per cent to 16 per cent in the 0 . 509-inch tube. 
The re Ja.tl v e viscosity at the start of Run 13 was 1,. 93 (24 ). The 
solun on w as p u mped f or · about five hours before the friction 
fac t ors w e r e m e asured the first time, and the relative viscosity 
ha d d r o ppe d t o 1 , 91. At the end of the initial friction factor data, 
the r e la t1 ve viscosity was 1. 85 . After twelve more hours of pump -
1n g. the deg r a d e d points wer e taken. The final sample of Run 13, 
t a k e n fou r p umpi ng hours later, had a relative v i scosity of 1. 82 . 
T h e t o tal pumping time was about 26 hours. 
T hus 1t can be seen that only a 3. 5 per c ent drop in solution 
vi s cosJty occ ur red after pump1ng for twenty-four hours, but the 
d ec rea.s e 1n p e r cent drag reduction amounted to about 40 per cent 
f or only par t o f that viscosity decrease . It should be pointed out 
h e r e that Run 13 represented an extreme case i n regard to the length 
of pumping . Most runs averaged about a quarter of the purnping 
t1me logged f o r Run 13. 
Figur e 64 shows that the one per cent solution in Run 14 
(the only non- Newtonian fluid studied here) was too viscous to get 
anywhere near turbulence in the capillary unit. In fact there were 
a couple of laminar points in the 1. 998-inch tube. Drag reduction 
was found in the 0. 509-inch tube only to the extent of 19 per cent . 
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PIB LMMH (Molecular Weight about 46, 000) - Cyclohexane. 
Figures 65, 66, and 67 summarize the PIB LMMH data. Although 
concentrations were varied from 100 PPM to two per cent, no drag 
reduction was observed in the 0. 509- , 0 . 999-. and 1. 998-inch tubes. 
At the two per cent level drag reduction was observed in the 0 . 032-
inch tube as a result of a delayed laminar-turbulent transition. 
Unfortunately much difficulty was encountered in the capillary unit 
in trying to pump PIB LMMH solutions, and higher flow rates were 
unobtainable. 
Nevertheless, the effect of a lower molecular weight is 
clearly to reduce the amount of drag reduction. 
In Run 20, a four per cent solution of PIB LMMH was tested 
in the capillary unit at maximum flow rates in the 0. 032-inch tube. 
As shown in Figure 67, the fluid was too viscous for the turbulent 
region to be reached . 
PIB L-80 - Benzene (Theta solvent). At concentrations of 
100 and 500 PPM of PIB L-80 in benzene, no drag reduction was 
observed in the large tubes as shown in Figure 68 . At 2500 PPM 
in Run 25 drag reduction was just beginning in the 0. 509-inch tube 
as seen in Figure 69. At the highest flow rate the drag reduction 
amounted to eleven per cent. In Run 26, 5000 PPM (Figure 70) 
the same point could not be reached in the 0. 509-inch tube because 
of temperature problems. However in Run 27, 9000 PPM, the 
maximum drag reduction was only seven per cent compared with 
eleven in Run 25 at the same !low rate, as shown by a comparison 
of Figures 69 and 71. 
The small unit gave no evidence of drag reduction at 9000 
PPM. The transitions in the 0. 032- and 0 . 046-inch tubes were 
delayed only slightly past a solution Reynolds number of 2100. 
It is of special interest to compare the friction factor re-
sults of PIB L-80 in a good solvent, cyclohexane, with those in a 
Theta solvent, benzene. Run 27, 9000 PPM PIB in benzene has 
about the same relative viscosity as Run 13, 3000 PPM FIB i n 
cyclohexane. Yet the drag reduction in the Theta solvent in ~he 
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0 . 509-inch tube was only about 3 0 per cent of the value in the good 
solvent at the highest flow rate. The 2500 PPM in benzene solution 
had a maximum drag reduction of about 40 per cent that of the 1000 
and 3000 PPM cyclohexan e solutions . 
These results show that the better the solvent (i.e . , the 
more extended the molecule in solution} the larger are the observed 
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amounts of drag reduction. Relaxation times of polyn1er molecules 
are much faster in Theta solvents than in good solvents (8 ), as 
me·ntioned previously in the lieterature review. Thus it is concluded 
that the molecular configuration of the polym.er molecule in solution 
is one of the most important a .spects to the mechanism of drag 
reduction. 
PMMA {Molecular Weight about 1, 500, 000)-Toluene). Figures 
72 through 79 present the friction factors in the nine concentrations 
of PMMA G in toluene that were studied. 
Drag reduction was first observed at 500 PPM concentration 
in the 0. 509-inch tube _in the amount of only four per cent at about 
25 gpm. At 1000 PPM at the same flow rate, drag reduction was 
about nine per cent. At roughly 28. 5 gpm, drag reduction was twelve 
per cent at 1000 PPM and ·21 per cent at 25 00 PPM. 
In Figure 75 the results of pumping the 2500 PPM solutions 
for about 12 hours ~re shown. The amount of drag reduction was 
decreased from the initial value of 21 per cent back to twelve. 
By varying the concentrations in increments o£ 1500 PPM, 
the point of maximum drag reduction was found to occur in the con-
centration range of 5500 PPM to 7000 PPM' in the 0. 509-inch tube. 
The maximum reduction in pressure drop :was 25 per cent below 
that for the ,olvent. 
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At 5500 PPM the capillary unit showed drag reduction in the 
0. 032- and 0. 046-inch tubes, but not in the 0. 062-inch tube. All 
variables of the system were just right in order to show an interesting 
separation of tube diameters in the transitioh region, as can be seen 
in Figure 77. Turbulence suppression occurs at lower solvent 
Reynolds numbers in the smaller diameter tubes. Thus in Run 35 
the effect was to separate the friction factors for each tube after 
laminar flow had ceased. The 0. 999-inch tube was just showing 
drag reduction at the upper limit of flow rate . The maximum drag 
reduction obtained in the 0. 032-inch tube was 32 per cent at 5500 PPM. 
When the concentration was increased to 9000 PPM in Run 3 7, 
Figure 79, the amount of drag reduction i n the 0. 509-inch tube went 
back down to 20 per cent at the maximum flow rate as shown by a com-
parison of Figures 78 and 79. However, in the 0. 032-inch tube it 
stayed about the same. 
Recheck Runs. Figure 80 shows that the system was drained 
and flushed thoroughly before the inception of a new series of runs 
on fresh solutions, since Newtonian frict.ion factors were obtaj;ned 
with the new solvents. 
Turbulence Suppression. In the concentrated solutions, 
regions of turbulence suppression (where the friction factor is lower 




Re) exist. For example in Run 3 7, as shown in Figure 79 . 
the 0. 999-inch tube is in a region of turbulence suppression at the 
high Reynolds numbers, although it is non-drag reducing. 
The regions of turbulence suppressions are of theoretical 
interest in -developing a correlation for the prediction of drag 
reduction. Naturally the regions of drag reduction are of the most 
practical inter~st. 
Velocity Profiles 
In every solution in which velocity profiles were taken, a 
few "symmetry" points were checked in order to establish that the 
velocity profiles w~re symmetric with respect to the center of the 
tube. In every case the profiles were symmetric within experimental 
error, although the "symmetry'' points seemed consistent! y higher 
by a small amount than the points on the side of the tube where the 
full profile was taken, as seen in Appendix III. However the 
variations were less than the experimental error. 
The velocity profiles for toluene are presented in Figure 81. 
The scatter in the data tend to mask any Reynolds number trend. 
The cyclohexane profile data of Run 7 which is plotted in 
Figure 82 is marked by less scatter. The referenc e lines from the 
equation proposed by Ross predict an incorrect shape for the profiles, 
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even in the region of Y /R greater than 0. 15 where Ross found that 
the equation adequately represented Nikuradse' s data (116 }. The 
reference lines did not represent the Newtonian data of Shaver, 
Bogue, and Eissenberg any better either . 
The profiles shown in Figures 83 and 84 for the 500 and 
3000 PPM PIB L-80 in cyclohexane appear to be a little higher 
in the region o£ Y /R of 0. 5 than the cyclohexane profiles. But 
everywhere else .the points overlap. The profiles in Figure 85 
for the one per cent solution are indistinguishable fr~m those of 
Run 7 in Figure 82. considering the scatter in th~ da~a. 
In Figure 86 the 2500 PPM PIB L-80 in b~nzene profiles 
appear slightly more blunt than the cyclohexane profiles in Figure 
82 but are indistinguishable from the toluene profiles in Figure 81 . 
The probable reason i s that the Reynolds numbers in the 2500 PPM 
benzene solution are closer to those of the toluen e profiles than to 
those of the cyclohexane profiles. For the 9000 PPM benzene 
solution of Run 27, in Figure 87, agreement is closer to the cycle-
hexane profiles, probably for the same reason. 
The profiles of the 2500 PPM PMMA in toluene solution as 
shown in Figure 88 are indistinguishable from the toluene profiles 
in Figut:'e 81, and the 9000 PMM PMMA profiles shown in Figure· 89 
are indistinguishable from the cyclohexane profiles in Figure 82. 
Here again the effect of Reynolds number can explain the 
observations . 
In summary, vel ocit y profiles were taken in a two-inch 
smooth tube in several solutions which were drag reducing in 
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smaller tubes but not in the two- inch tube . The data clearly show 
that the only s ignificant diff erences in all the profiles are attributable 
to Re y nolds n umber effects which are observ·ed i n ordinary pure 
fluids . Hence the c onclusion is that no detectable difference exists 
between t he polymer solution profiles under the conditions of this 
study and those of Newtonian fluids. 
Unfortunatel y this study was unabl e to establish whether 
profiles 1n drag reducing sol utions are .more steep or less steep 
than in ord inary Newtonian fluids, since no profiles were taken in 
a drag reducing situation . 
. Comparison of Experimental Results with the 
Theory of Drag Reduction 
It i s of special interest to compa r e the estimated shear rate 
at the wall at the critical Reynolds number with the rel axation times 
of the polyrr1 e r mol ecules as cal cul ated from the theory of Zimm (155 ). 
The critical Reynolds number is the Reynolds number where turbu -
lence sup pression begins, as defined earlier. For each polymer 
solution in each tube showing drag r eduction, the critical Reynolds 
226 
number was est1mated from the inte r section of a line representing 
the drag reducing (and. turbulence suppression) points wit h t h e c ur ve 
representing the data in the simpl e Newtonian region. As there 
were onl y one or two points of drag reduction in the 0 . 999 - inch tube 
whenever drag reduc tion occurred, the critical Reynolds number 
could not be estimated with a reasonab le degree of confidence for 
any solution in this tube. 
Table XII presents the c r itical solvent Reyno lds number, the 
eshmated shear rate at the wall, and the reciprocal of the relaxation 
ti.mea cor responding to the firs t , second, and fifth modes. T he 
estimated shear rate at the wall was calculated from the shear 
str e ss at the wall [ Equa.tion (38)] for a simple N ewtonian fluid at 
the true sol ution R eynolds number [Equation ( 18)] for each solution. 
As shown by Tabl e XII, the agreement can be termed "order 
of magnitude" only. In the case of Runs 11 , 12, 13, and 14 (0. 05, 
0. 1, 0. 3, and 1 . 0 per cent PIB L-80 in cyc l ohexane ), the agreement 
is fair l y good except for the 0. 509-inch tube in Run 11. In this tube 
drag reduction had just begun at the very high flow rates in Run 11 . 
There was a big change in the critical Reynolds number between 
Runs 11 and 12 in the 0. 509 - inch tube. However, the changes 
among Runs 12, 1 3, and 14 were small. The change of relaxation 
times with concentration is not able to account for these changes in 
the critical Reynolds number . 
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Table XII 
COMPARISON OF PREDICTED SHEAR RATE AT THE WALL WITH 
VALUES CALCULATED AT THE POINT OF INCIPIENT 
TURBULENCE SUPPRESSION 
Critical (dU I d Y )):( (T 1) -1 (T 2) - 1 (T 5) -1 Run Tube NReS Wall 
11 . 032 2 , 100 28,200 23,800 75,200 315,000 
. 046 3,800 56, 100 
. 509 96,000 131.000 
12 . 032 2, 100 28,200 21,200 67' 100 280,000 
. 046 3,000 34! 800 
. 509 61 . 000 53,400 
13 t 046 5,000 62i500 l4, 200 44,900 188, 000 
. 509 55,000 32,600 
14 >!(t.~ 
. 509 49 , 000 12,600 51 190 16,4.00 68,700 
33 . 509 140,000 119 ,000 33,900 107.400 449, 000 
34 .. 509 140, 000 99. 100 27,000 85.400 357,000 
35 . 032 6, 400 102,300 24,400 77,300 3Z3,000 
. 046 7,000 59,000 
. 509 124, 000 73,800 
36 . 509 108,478 48,800 19, 700 62,300 261,000 
3 7 . 032 7 ' 400 105, 000 
. 046 7 , 000 47,300 17 , 790 56,300 236,000 
. 5 09 105, 000 42,900 
~~ Calculat ed from Eq. (38) 
*" ~( Non-Newtonian Fluid 
In the case of PIB in cyclohexane data, most calculated 
shear rates fall between the first and second modes. However, 
in the case of Runs 33-37 (0. 25, 0 . 40, 0. 55, 0. 70, and 0. 90 per 
cent PMMA Gin toluene), most shear rates fall fairly close to 
the second mode. 
The runs shown in Table XII were the only runs which had 
enough points to estimate the slope of the initial drag reduc ing 
region. This slope ranged .from -1. 0 to -l. 9 with -1. 5 about 
average . But there were so few points involved that most. slopes 
had a confidence interval in the range of plus or minus a third of 
the value . 
A second comparison between theory and the experimental 
results lies in the ability of the theory to predict the presence or 
absence of drag reduction. Table XIII shows a co111parison of the 
calculated shear rate at the wall at maximum flow rates with re-
laxation times. The runs shown were selected to point up differ-
ences i n theory and experiment as well as agreement. 
Ln the case of Runs ' z and 4 (0. 04·7 and 0.46 per cent 
polystyrene 1n toluene), theory cor re c tly predicts no drag 
reduction. 
In Run 10 (0. 01 per cent FIB L-80 in cyclohexane) j the 
theory predicts that all tubes except the 0. 999- and 1. 998-inch 
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Table XIII 
COMPARISON OF CALCULATED WALL SHEAR RATE AT 
MAXIMUM FLOW RATE WITH RELAXATION 
TIME FOR SELECTED RUNS 
Maxim urn So 1 vent (dU I dY }>:( 
Run Tube Reynolds Nurn ber Wall (T I} -1 (T2) - l 
2 . 510 189 , 700 258,000 450,000 1, 420, 000 
1. 000 96,800 20,600 
2 . 000 48,400 1, 53 0 
4 . 046 14,400 341, 000 323,000 1,020,000 
. 062 12,000 134,000 
, 5 10 200,000 296,000 
1. 000 1 02,000 24,000 
2.000 5 1 ,000 1,780 
10 . 032. 3, 13 0 76,900 2.6,000 8 2,300 
. 046 5,980 116,000 
. 062 6,270 77,800 
. 509 132,000 257,000 
. 999 67,300 19,300 
1. 998 33,600 1, 540 
13 . 032 8,460 287 ~ 000 141 200 44 , 900 
. 046 8, 040 185 , 000 
. 062 6 , 460 86 . ~00 
. 509 150,000 235,000 
. 999 196 . 000 125, 000 
1. 998 115, 000 14,600 
19 . 509 133 ,600 276,000 2 ,3 00,000 7,280,000 
. 999 68,200 21, 9 00 
1. 998 34, 100 1,560 
21 . 032 5,910 22 7,000 1 ,540,000 4 , 870, 000 
. 04 6 8,060 255 ,000 
. 062 6,480 98,500 
. 509 131,600 312,000 
. 999 67,200 23,700 
1. 998 33,600 1,83 0 












0 . 86 
0.88 
1. 0 0 
l. 0 1 
0.98 
l. 07 
0. 5 9 
0. 84 
1. 06 
0 . 73 













Table XIII (continued) 
Maximum Solvent (dU / dYf;c -1 - 1 Drag 
Run Tube Reynolds Number Wall (T 1) (-rz_} Ratio 
25 . 509 246 , 000 424 ' 000 134,000 425,000 0.89 
. 999 269 , 000 146,000 1. 01 
1. 998 167,000 15 , 670 1. 02 
27 . 032 9,600 432,000 82,500 261,000 1. 17 
046 13,000 362,000 1. 17 
. 062 10,600 145,000 1. 25 
. 509 248,000 446,000 0.93 
. 999 270,000 158,000 l. 08 
1. 998 168,000 15,900 1. 03 
29 . 509 258,000 458,000 44,800 142 , 000 1. 02 
. 999 132, 000 36, 100 1. 04 
1. 998 65,900 2,600 1. 04 
35 . 032 14,900 468,000 24,400 771 3 00 0. 68 
046 14,800 298,000 0.89 
. 062 11,900 139,000 1. 13 
. 5 09 294,000 432,000 0. 76 
. 999 368,000 212 , 000 0.96 
1. 998 220,000 2.4,000 1. 10 
>1< Calc ulated from Eq . (38). 
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tubes should be drag reducing. The experimental results were 
that the 0. 032 - and 0. 046-·inch tubes were drag reduci ng while the 
1 . ~ arger d1ameter tubes were not. ... Mention has already been made 
of the fact that small tubes show drag reduction at lower concen-
trations than large tubes even at the same estimated wall shear 
rates. Possibly part of. the discrepancy between the theory and 
the data is due to an inaccurate estimate of the shear rate at t he 
wall from Equation {38 ). 
In Run 1 3 (0. 3 per cent PIB L-80 in cyclohexane), the 
presence or absence of drag reduction is correctly predicted. 
In Runs 19 and 21 (0. 85 and 2. 0 per cent FIB LMMH in 
cyclohexane ), the theory correctly predicts the absence of drag 
reduction except in the case of the 0. 032-ipch tube. As mentioned 
earlier , the drag reduction observed in that tube is probably a 
result of the extension of laminar flow, in which case a different 
mechanism is most likely responsibl e . 
The Run 23 {0. 01 per cent FIB L-80 in benzene. at the 
Theta temperature) comparison shows again that the theory .fail s 
for very dilute solutions . The predictions for Runs 25 and 2 7 
(0 . 25 and 0 . 90 per cent PIB L-80 in benzene at the Theta 
* The 0 . 98 drag ratio is not considered to be significantly 
different from 1. 00. 
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temperature) are correct for the large size tubes . However, the 
small tubes in Run 27 are definitely anomalous . The possibility of 
a time effect in the measurements of this run1 which was checked in 
the capillary viscometry unit several days after it was tested in the 
large unit, cannot be excluded. No positive explanation for the 
capillary data of Run 27 can be offered, however. 
Run 29 (0. 004 per cent PMMA Gin toluene) shows that very 
dilute solutions of PMMA in toluene do not fare any better than 
those of PIB in relation to the ability of the theory to predict drag 
reduction correctly. Run 35 (0. 55 per cent PMMA Gin toluene) 
shows satisfactory agreement between theory and experiment. 
Thus it is clear that the theory does a reasonable job of 
predicting the presence or absence of drag reduction in different 
size tubes . The theory fails to account for the low concentration 
effects correctly. The theory does a good job of accounting for 
the effect of molecular size and configuration on drag reduction 
because of the dependence of the relaxation time of the polymer 
molecule on intrinsic viscosity (configuration) and molecular weight 
(size). 
The data in Table XII indicate that there is a diameter 
dependence of about the first power for the critical Reynolds 
number in the turbulent region. All of the critical Reynolds numbers 
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in Table XII for the small tubes indicate that the solution Reynolds 
numbers are probably in the transition or laminar range and not 
the turbulent range. Thus the conclusion is that the data do not 
permit a more accurate estimate of the diameter effect. There is 
some turbulence suppression and drag reduction in the 0. 999 - inch 
tube in a few solutions. In Figures 60 , 6 1 , 62, 76 , 77, and 78, 
the ratio of Reynol ds numbers between t he 0. 509 - and 0. 999 - inch 
points at a given value of friction factor in the drag reducing region 
appears to be roughly that of the diameters, but the data are too 
sparce for a good estimate. 
In sUJnmary, the theory offered here shows reasonable agree-
ment with the experimental data, especially when it is realized that 
these experiments were not designed to test this theory but to study 
the effect of molecular size and configuration on drag reduction. As 
a result, the primary object ive was met compl ete l y, but the data do 
not constitute a satisfactory test of the theory in many respects. 
In the first place, there were very few drag reducing points, 
particul arly in the larger tubes. Thus extrapolation to find the 
critical Reynol ds number was uncertain at best. 
There was a large gap in drag reducing friction factor data 
between the larger size tubes and the capillary tubes . Because the 
critical Reynol ds numbers in the small tubes were often in the 
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laminar or transition region, the comparison of critical Reynolds 
numbers obtained in different size tubes with the theory was subject 
to uncertainty. 
Estimations of the wall shear rate, which were vital to a 
comparison of theory and data, were based on a theory at l east 
forty years old (70) that is not presently in the highest repute. Al-
though present l iterature data indicate little difference between 
velocity profiles in simple fluids and in polymer solutions, as dis-
cussed in the literatur e review, a slight change in profil e near the 
wall could result in a disproportionate change in wall shear rate . 
No experimental measurements of the relaxation times of 
polymer sol utions were made. Thus there was no test of the 
applicability of the theory of Zimm to these solutions. The assump-
tions in the theory of Zimm have already been reviewed in the theory 
and literature sections. 
Finally, in view of the results of I. C. Chang (24 ), it should 
be remembered that the molecular weights and the molecul ar weight 
distribut ions of the solutions tested here were always changing 
because of mechanical degradation . 
Experimental Errors 
Distance f rom Tube Wall. The micrometer shown in Figure 
38 coul d be read to better than± 0. 0002 and was accurate to several 
235 
ten- thousandths. Howeve r, the wall position could be determined 
only to ± 0. 001. Thus the error in any value of Y was ± 0. 001. 
Flow Rate . The flow rates were measured directly by 
weighing . Occasional repetitions of a flow rate calibration agreed 
to better than± 2. 0 per cent. The errors associated with the drift 
of the flow meter were mentioned in the experimental section and 
will be discussed more fully in Appendices I and II . 
. Physical Dimensions of Tubing and Physical Properties of 
Materials. These errors have been discussed in detail in the 
experimental section. 
Pressure. The error in any pressure difference read on 
the U-ty-pe mercury, the inverted U-type, and inverted slant U - type 
manometers was always less than one per ce nt. The e rror in the 
well - type mercury micromanometer was as much as four p e r cent. 
This manometer was used only in velocity profile measurements 
for runs whose average velocity wer e less than 5. 5 ft/ sec . 
Some undetermined arnourtt of e rror was i ntroduced in the 
velocity profile readings because they were ta ken in a non-random 
manner , as described previou sly. 
Purity of Materials. The purity of the polymers and solvents 
has been described in the experimental section. 
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Temperature . The standardization of the many thermometers 
used in this investigation has already been described. All tempera-
0 tures reported are accurate to ± 0. l C on an absolute basis and to 
± 0 . 05° C on a relative basis. 
Recommendations for Future Study 
As this inves tigation was an initial study of the drag reducing 
characteris tics of organic polymer solutions, many areas of further 
investigation have been opened. 
A study of drag reducing fluids with hot wire or hot film 
ancorncHry e quipment i s needed in order to test the hypothesis offered 
here that the low frequency eddies (below the charac teristic relaxa-
tion frequency) remain relatively unchanged while the high frequency 
eddies (above the characteristic relaxation frequency) are damped 
out in drag reducing solutions . 
A further study of drag reduction should be undertaken j n the 
wi,dest possible range of tube diameters that will allow extrapolation 
of data to find the critical Reynolds number in order to establish 
the relation between the relaxation spectra and critical Reynolds 
nun1b e r (and thus to the tube diameter), to establish the shape of 
the fnction factor curve b eyond the critical Reynolds number, and 
to provide a useful engineering correlation that will allow prediction 
of field behavior from laboratory measurements. Spec.ial note should 
be taken of the fact that the ca p i llary tubes tested here were too 
::>mall for the syst e ms stud i e d as· almos t all t he c r itical R e ynold s 
number s were in t he t ran s i tional r e g ion. 
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The i n v es t igation o f pol ymer ~ sol v ent s y stems s h o u ld b e 
e xpan d e d to inc lude polar solvents and c o-polymers a s well as o t her 
li.nea r and branched polymers . 
The theor y of relaxatio n t i mes of polymers in solutions 
rH:e d:::~ to be extended to cover t h e ver y d i l u te range and the second 
(nt:)n·-lin ear) conc entratio n range . 
The phy si c al c hem i stry of aqueous pol ymers shou ld be 
extt:ns 1 v e l y stu d i ed in order to find out in more detail what the e ffe c t 
of sol vent p u r i t y as w ell as the metho d of p u r ifica tio n is on the 
m olecula r configura tion of the polymer i n s o l ut ion and o t her p rope r t i e s . 
Hope fully, the knowle d ge of aqueous pol ymer chemistry would then 
a ppr oac h that of pol yrn er sol utions of organic sol v ents. 
Fwrther study needs to be made of velocity profil es in liquids. 
lm.ually the study should includ e Newtonian flu i ds in a variety of tube 
S 1z ~s . Fluid v1scositles shou l d be var1 ed in order to obtain laminar, 
tr a nsH.ion, and turbul e nt profil e s at one flow r ate and th e same 
Reynolds numbe r, e tc. , at different flow rates. Pitot tube siz e 




and then to make accurate corrections to single size measurements. 
A single equation should be found to accu+q.tely describe the profiles 
and thei r slopes at any point as a function of whatever variables are 
found significant. Then the study should be repeated for non-
Newtonian and drag reducing fluids . 
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VII. CONCLUSIONS 
This investigation has shown that the amount of drag reduction 
found in turbulent flow is directly related to the molecular configur-
ation of the polymer molecule. For the first time a polymer was 
tested in both good and poor solvents, and the maximum drag reduc-
tion in the poor solvent was only about 40 per cent of that in the good 
solvent at similar flow rates in the same tube . Thus the effect of 
an expanded configuration of the polymer molecule in solution is to 
increase drag reduction. 
It was also shown that for polymers in organic solvents higher 
molecular weights increase drag reduction. This is in agreement 
with the results of Fabula for aqueous polymer solutions. 
Each diameter tube has its point of maximum drag reduction 
at a given flow rate at a different concentratidn. The maximum in 
smaller tubes occurs at lower concentrations. 
Drag reduction has been shown to occur in two separate flow 
regions: one a .s a result of a delayed onset of turbulence or an ex-
tension of the laminar range and the other occurring at high flow 
rates after fully d eveloped turbulent flow with ordinary Newtonian 
friction factors had been exhibited at lower flow rates . The 
mechanisms in the separate regions appear quite different, and 
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explanations of the experimentally observed diff erences have been 
offered. 
A theory has been offered for drag reduction in the turbulent 
region that is based on the relaxation time of the polymer molecule 
in solution. Reasonable agreen,ent has been shown between the 
experimental results of this investigation and predictions of flow 
rates based on this theory for the presence or absence of drag 
reduction and for the onset of turbulence suppression. 
The theor y predicts that the wall shear ralL' at the point of 
i n c ipient turbulence suppression d ecr eases as the product of 
intr1ns1c viscosity, molecular w eight, and solution viscosity 
1ncreases. Thus for large effects, this product should be made as 
large as poss ibl e. 
The critical Reynolds number at the point of incipient 
turbulence suppression appears to be proportional to approximatel y 
the first power of tube diameter. 
VIII. APPENDIX I 
SUPPLEMENT ARY DETAILS OF EXPERIMENTAL APPARATUS 
Flow M eter Installation . Figure 90 present s details of the 
f low meter piping. Table XIV presents the recommendations of 
u pstream and downstream calming sections of Fischer and Porter 
(41) and Brooks (18) compared to those used here. 
Table XIV 
COMPARISON OF FLOW METER CALMIN G SECTIONS 
WITH MANUFACTURERS ' RECOMMENDATIONS 
D iameters D iameters 
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M eter Upstream Recommended Downstrearn Recommended 
F & p 72 
HP- 1 2N 70 
H P-24N 22 
* Referenc e {41) 
::~:i~ Reference { 1 8) 
15 >:~ 1 1 4 ~:· 
1 5 >:t~-: 10 6 -·- ,., ..... ~ ..
1 5 :{<::< 6 6=:< ::: 
The c a lming sec nons se r ve primarily to elimina t e s w irl and establish 
the velocity profil e . A s is readily apparent 1 the present installation 
met or exceeded the manufacturers ' recommendations. 
Figure 91 is a photograph of the flow meter piping. 
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F1.gure 90 
DE T AILS OF THE FLOW METER PIPING 
FISCHER 8 PORTER FLOW METER 
9()0 ELL 112"PlPE COUPLING 112" PIPE 
P8 P TURBINE 
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FLARED 0 FLARED ~ /112" PIPE 
r- 1 1 1 I 1 
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7201AMETERS 
II DIAMETERS 7 DIAMETERS 
I BflOQKS HYOROPOISE HP-.12N FLOW METER 1 3/ 4nlt 1/ 2 
REDUCING 
BROOKS HP .. t 2 N 3/4 COURINj 
TURBINE FLOW & 3/4Nx 1/2 VALVE 
METER n /HING ~ COUPLI JIG 
90•El.L I/2NPIPE COUPLING 1/ 2 PIPE ~ 
70 DIAMETERS 
12DeAMETERS IODIAMET'ERS 701At.£TERS 
BROOKS HYOROPOISE I ~~R~: N FLOW ~Rb~~S HP-24N 
llt'OUT TEE TURBINE FLOW 
U / METER 
FILTER NION II~ 1 112"PtPE L, II I I I ~ 
VALVE 







VIEW OF THE FLOW METER PIPING 
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Manometers. The four manometers w e r e assigne d numbers 
1n order to facihtate identification. Table XV prese nts the n un1 ber 
code asso c iated with each manometer. 
Table XV 







U- Type Mercury Manometer 
Inverte d U- Type Manometer 
Inverted Slant U- Type Manorn e tet 
Well-Type Mercury Micromanomete r 
Figure 92 presents a schematic d i agram of the U - typ e 
mercury manometer and the associated traps and instrumentation 
(Also see Figures 40-42 for photographs.). All manometers wer e 
constructed of 3/8-inch 0 . D., 5/64-inch wall, sight glass tubing 
and 3 I 8-inch Swagelok steel tubing fittings. The glass tubing wa s 
rated at 225 psig in four-foot lengths and 120 psig in six-foot lengths 
(39 ). The reason for th e decreased rating with length was give n as 
the iact that there is a greater tendency fo-r six-foot long sight glass 
gauges to bow, since they are not always supported. However, in 
these manometers the glass tubing was supported every few inches, 
Figure 92 
SCHEMATIC DIAGRAM OF THE U-TYPE 
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thus providing a large safety factor since the highest gauge pressures 
were under 50 psig. As a safety precaution, the front of the glass 
was shielded by plexiglas strips. 
Since the proper glass tubing was available only in six foot 
lengths, a piece was sawed in hali and each section connected t o a 
six-foot length of tubing by a tubing union, thus making nine - foot 
manometer legs. Referring to Figure 92 1 the left leg of the 
manometer was the high pressure leg . The union was placed with 
the six-foot piece of tubing extending downward from the union. The 
opposite was done on the l ow pressur e l eg so that the closest the 
mercury meniscus ever c ame to the union was 1. 5 feet (at zero 
pressure). 
Millimeter graph paper was cut into strips and stapled to 
the wood support backing. A meter stick was used to insure accurate 
placement of the strips during construction. 
The manometer stands were supported with adjustable legs 
and were carefully leveled prior to startup. 
The mercury traps were constructed from 2-inch pipe eros ses. 
The volume in the traps was adequate to hol d the entire quantity of 
mercury in the event of misoperation. The traps also served to 
maintain a solid liquid leg through which pressure was transmitted 
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into the glass legs of the manometer . Hence the traps were always 
filled with process fluid to a leve~ above the outlet from the traps to 
the manometer legs . 
Even with the aid of a sight glass it was found that a surge 
volume between the top of the traps and the air regulator was use-
ful to assist the manometer operator in keeping process fluid out 
of the lines leading to the air regulator on the manometer valve 
table. The surge volumes were l-inch pipe couplings . 
Figure 93 shows a diagram of the inverted U -type manometer . 
The inverted U -type manometer was locate<;! on the same stand as 
th e U-type mercury manometer . It was made from the same materials 
and by the same techniques as the U -type mercury manometer . 
All manometer lines were carefully laid out and supported 
as to have a continuously decreasing elevation above the floor from 
the pressure taps through the valve table and into the manometer. 
The drains on the manometer were the l ow points in the system and 
served to drain all the manometer lines. 
The inverted slant U -type manometer 1 as shown in Figure 
94, was located on a separate stand. The l egs were six feet 1n 
length. The elevation from inlet to the top was 4. 75 inches, or an 
angle of roughly 4 °. Each section of glass tubing was sl:lpported in 
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Figur e 9 3 
SCHEMAT IC DIAGRAM OF INVERTED U-TYPE MANOMETER 
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a groove milled as straight as possible into a wood strip. The 
glass was easily secured. into the groove and the same angle 
everywhere prevailed. 
A second problem, that of installing the two legs exactly 
parallel , was circumvented to a certain extent. After the legs 
were made nearly parallel, a special tool was made to measure 
the e l evation of the upper (high pressure) leg. With the bypass 
valve on the ·manometer table open, toluene was allowed to fill the 
lines. The zero reading on the upper leg was made to coincide 
with that on the lower leg . At a higher reading of about 100 em, 
readings of the two scales at zero AP differed by about 2 mm . 
Hence it was arbitrarily decided to always adjust the air pressure 
in the manometer to a value such that the lower leg reading was 
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as c lose to zero as possible. In practice the lower l eg reading was 
usually around 10 em, at which point there was essentially no error 
between scales. 
Because of the low pressures read by this manometer, special 
care had to be taken to eliminate any air bubbles in the lines. As 
described previously, all lines between the pressure taps and the 
manometer valve table were sloped downward . The table itself 
was built so as to slant toward the manometers. From the valves 
connecting the i nverted slant U -type manometer to the manifolds 
on the manometer valve table; the lines to this manometer were 
secured to wood supports with an upward slope. which was main-
tained all the way to the top of the manometer. Thus any air 
bubbles in the line could be flushed to the t.op of the manometer. 
Since all lines were clear nylon tubing. the entire manometer line 
network was easily checked for air bubbles. 
There was some ·initial concern as the readibility of 
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a solvent -air meniscus at angles such as 4° . However, the meniscus 
in the inverted s1ant U -type manometer was the most sharply defined 
of the four manometers. 
Figure 95 presents a schematic diagram of the well-type 
mercury microtnanometer. An ordinary micrometer head, graduated 
in 0. 001-·inch divisions. was attached to a pointed steel rod . The 
height of the mercury- solvent inte rface was determined visually 
with the aid of magnifier similiar to that on a Beckman thermometer 
by observing the point of contact of the tip of the rod with the interface. 
All readings were taken by moving the rod tip downward. The 
packing gland was constructed exactly as the ones described previously 
for the pitot probe and its support. 
As indicated in Figure 95. the inside diameter of the well was 
1. 9 00 in.ches. The i nside diameter of the glass tubing was 7 I 32 
Figure. 95 





MAN I FO L D 
FUNNEL 
'-900-1 NCH 









""--r-....,..,.--...J 3/ 8 ;; 0 . O. NYL 0 N 
T UBING 
"3/e' o. o. 
S IG H T GLASS 






inc hes. All readings taken with t he well-type mercury micro-
manometer were corrected for the change in height of t he mercury 
'in the well. 
lX •. -~.PP~NDIX U 
SUPPLEMENTARY DETAILS OF EXPERIMENTAL 
PROCEDURE 
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Flow Rate D eterminations. The calibration procedure for 
the f r equency meter was as follows: initially the meter was allowed 
to warm up for several hours with a variable frequency Heathkit 
Audio (sine wave) Generator, Model lG-72 , attached and set at 300 
cps output. Then the frequency meter was zeroed at 300 cps with 
the sine wave generator. All readings were on the 0-1000 cps 
scale of the frequency meter . Lastly the frequency meter was 
checked against the sine wave generator at frequencies of 100, 200 , 
300, 400, 500, 600, 700, and 1000 cps in order to insure proper 
operation over the entire scale . The sine wave generator was taken 
as the primary standard because its relatively simple circuit was not 
subject to appreciable dri ft. The sine wave generator was checked 
with a counting scaler and found to be accurate to much better than 
one per cent. 
After the con clusion of the day's experimentation, the sine 
wave generator was again connected to the frequency meter. Both 
were l eft on with the generator emitting a 300 cps signal until the 
next day, when the calibration procedure was repeated. 
Initial Cleaning During Startup. The dirt, filings, and 
grease present in the pipe after construction were removed by a 
combination of filte ring and flushing with toluene . 
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After every section of pipe that could be isolated was soap-
tested for leaks at 75 psig with air, about 35 gallons of toluen-e were 
added and recirculated at low flow rates. The filters were changed 
whenever they became plugged with solids. 
When most of the solids were removed, the oily toluene was 
drained and a fresh 55 gallons added. This was recirculated at an 
ever - increasing flow rate so as to remove scale from the pipe walls 
by vibration. The second wash was drained and a fresh 110 gallons 
added. The manometers, pressure taps, pitot probe, and tempera-
ture control system were checked out u sing this solvent. 
Toluene was then drained from the system, and 110 gallons 
of c lean solvent were added. This solution was used to take the 
data of Run 1, pure toluene. 
Intermediate Cleanings Between Polymer -Solvent Combinations. 
After Run l, the entire system was drained and a fresh 55 gallons of 
toluene added. 
After Run 4, the highest concentration of polystyrene in 
toluene in the pipe flow unit, the solution was completely drained 
from the system. As quickly as possible a fresh 55 gallons of 
toluene were added. The toluene was pumped for five hours at high 
flow rates and temperatures about 30° C. All manometers and lines 
were flushed. 
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This wash solution was drai ned, and about 35 gallons of 
cycl ohexane were added and recirculated. After flushing the manorn -
eters and lines, this was drai ned , and 55 gallons of fresh cyclo -
hexane w ere added. The test sections, KK-4124 pump, and F . & 
P. flow meter w ere all replaced with new equipment (as previously 
des c ribed ), which was carefully cleaned beforehand. This cyclo-
hexane was used through Run 14 . 
After Run 14 , the highest concentration of FIB L - 8 0 in 
c yclobexane in the pipe flow unit, the solution was completel y 
drained from the system. As quickly as possibl e a fresh 55 gallons 
of cyclohexane w e r e add e d , The c yclohexane was pump e d for five 
hour s a t high fl o w rates and temperatures above 3 0° C. All 
manometers and lines were flushed. 
This wash solu tion was drained and a fre sh 55 gallons 01 
t:yclohexane added. This was checked in Run 15 to make sure 
lher e w as no contamination and used through Run 1 9. After Run 21, 
th e highes t concentration of FIB LMMH in cyclohexane in the p ipe 
1low unit, the system was completely drained. As quickl y as pos-
sibl e a fresh 55 gallons of cyclohexane w ere added. The cyclo-
hexane was pumped for five hours at high flow rates and temperatures 
0 
above 30 C . A U manometers and lines again were flushed. 
Th1s wash solution wa s drained and s t o r e d, and a fre sh 35 
g allons of benz ene w ere added . After flushing the manometers and 
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lines , this was drained, and 55 gallons of fresh benzene were added. 
This was checked in Run 22 to make sure there was no contamination 
and used through Run 27 . 
After Run 27, the highest concentration of FIB L-80 in 
benzene in the pipe flow unit, the solution was completely drained 
from t he system. As quickly as possible the wash solution added 
after draining the 2 per cent PIB LMMH {Run 21) was reintroduced. 
This wash solution was pumped for five hours at high flow rates and 
temperatures above 3 0°C. All manometers and lines were flushed. 
The cyclohexane was drained and a fresh 35 gallons of toluene 
added. After flushing the manometers and lines, this was drained 
and 55 gallons of fresh toluene added. This was checked in Run 28 
to make sure there was no contamination and used through Run 3 7. 
Manometer Operation. The operation of the inverted and 
inverted slant U -type manometer has already been described in 
s ome detail. To reiterate briefly, the manometer legs were valved 
to the proper pressure points. The air regulator was valved into 
the manometer (cf. Figures 93 and 94 }, and the air pres sure was 
adjusted to place the readings at the desired scale location . Then 
the air line was valved off since air regulators can generally con-
trol to only about 1 /4 psi. 
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The o p eration of the U -ty pe M e r cury manometer was c ompli-
cated by the necessity of maintaining the liq uid height in the traps 
above the -inlet to the manometer l egs in order to obtain a true 
pressure read ing. The procedure f o r the high pressure trap w a s to 
valve in the ai r regulator s et to the static pressure at the high pre s -
sure point. Then the manometer leg was valved into the manifold 
and the a ir pressure adjusted so as to give the proper trap level , 
T he air was then valved out. The procedure was repeated for the 
low pressure trap. 
The well-type mercury micromanorneter was zeroe d befor e 
and after e a ch velocity profile by opening both bypass valves show n 
In F1gur e 44 and the C pressure tap in the 2-inch tube. The zero 
posit ion was perturbed by opening alternately the vent valve and 
the funne l val ve shown in Figure 94. This a l so served to remove 
any ent rapped air in the well o r trap. 
The reading of a pr e ssure di.fierence was preceded by first 
opening the bypass valve for roughly 1 5 seconds in order to erase 
any memory effects from the previous point. The micrometer 
screw was then drawn upward for roughly 0. 050 inches from the 
l ast reading. The bypass valve was c los e d , and the mercury allowed 
t o come to equilibrium . 
. P reparation of P olymer S o lution s . All polymers wer e 
dissolved in 12-inch d iameter glass jars with the aid of an air 
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stirrer and occasional heating. Aliquots of these stock solutions 
were added to roughly 35 gallons of the p rocess fluid from the pre-
ceding run which had been pumped into tbe weigh barrel. 
Checks wer e always made t o make sure that the stock solution 
would mix w ith the process fluid readily. In the few cases where i t 
would not, the stock solution was diluted to a concentration where 
it would mix readily. After addition of the aliquot, the weigh barrel 
was drained and refilled about 2.0 times while the process flui d was 
recirculated at a flow rate exceeding 60 gpm . 
This procedure not only thoroughly mixed polymer and 
solvent, but also d egraded the polymer to the point where it was 
hoped that subsequent degradation would occur at a slower rate 
while data were being taken . 
Veloclty P rofiles. No pattern was followed in taking 
frictlon factor data during the profil e. Sometimes the fric tion 
factor data w as taken before the traverse, and sometimes afterwards . 
The fl ow rate was a l way·s determined after the profile. 
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X . APPENDIX III 
TABULATION OF RAW DATA 
Table XVI presents the viscosity of all Newtonian polymer 
solutions at the nominal temperatures of the runs . All these data 
were taken by I. C . Chang (24 ). 
Table XVli presents the friction factor data taken in the pipe 
flow unit. T he solvent Reynolds number NRe is abbreviated "N-RES" 
' on the computer output sheets, and N ReS the generalized Reynolds 
number of Dodge and M etz ner, "GEN-RE. " The w a ll shear str e ss 
was ca l culated in dynes per square centimeter . 
T able XVIII presents all the f r iction factor data taken 1n the 
c api llary v1scom etry unit. Most of the data were taken by J. M. 
Rodriguez {115) and C. D . G reen (57a). The same abbreviations 
are used as in Tabl e XVII except that the flow rate is expressed 
in milhhter s per rninute. 
Tabl e XIX presents the capillary viscometr y data used in 
the rheological characterization of the polymer solutions as r e ported 
in th e experimental section. In this tabl e the manometer pr essure, 
t he correction [ from Equation (3 4) with C L equal to 1. 08] , and 
the corrected pr essure used to cal culate the shear stress at the wall 
are tabulated as w e ll as othe r data used in the vis c om etr y c alculations. 
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Table XX presents the velocity profile data. The average 
velocity, friction factor, friction velocity, and generalized Reynolds 
' number (N Re) are shown. The friction factor data for each profile 
is also tabulated in Table XVII under the proper run number so that 
other quantities such as '~w which are not shown in Table XX will be 
available to future investigators. 
In Table XX, whenever duplicate points located in pairs in 
the table are shown, the first point was taken on the far side of the 
tube, opposite the half of the tube where the complete traverse was 
made, and it constituted a check on the symmetry of the profile. 
The second point then was taken on the other side of the center of 
the tube where the full profile was measured. 
In Tables XVII through XX, some entries have more signifi-
cant figures than the accuracy of the data warrant. These tables 
were printed by the computer J and the extra digits should be dis-
carded where they are not significant. 
The flow meter calibrations and raw data taken by the author 
have been tabulated and analyzed by I. C. Chang {24 ). 
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Tabte XVI 
VISCOSITY OF ALL NEWTONIAN POLYMER SOLUTIONS* 
Relative 
Run Polymer Solvetlt Concentration(%) Viscosity tJ.{cp) 
1 None Toluene 1. 000 0.5179 
2 Polystyrene Toluene 0. 047 1. 041 0. 5391 
3 ,, ,, 0. 094 1. 085 0 . 5619 
4 II It 0. 46 1. 448 0. 7499 
5 " " 0.94 2.039 1. 056 
6 II l i 3.72 8. 84)!<>l< 4. 5 8>!<>!• 
7 None C yc lohexane 1. 000 0.8892 
8 FIB L-80 It 0.001 1. 003 0.8915 
9 II " 0. 004 1. 011 0 . 8986 
10 I I 
" 
0.010 1. 027 0 . 9130 
1 1 " " 0.050 1. 122 0.9981 
12 II It 0. 10 1. 260 1. 120 
13 
" " 
0. 30 1. 882 1. 673 
14 It II 1.0 - }:,::~:::~ - ,~,_-r:,:~ 
16 FIB LMMH 
" 
0. 010 1. 004 0 . 8924 
17 
" 
II 0 . 050 1. 018 0 . 9052 
18 " " 0.20 1 . 073 0 .9543 
19 
" " 
0.85 l. 33 1 1. 1841 
20 
" " 
4. 0 2. 91 :::>:< 2. 59 :;c:;< 
21 
" 
II 2. 0 1 . 9 9 :::::c 1. 7 7'"'"'' 
22 None Benzene 1. 000 0. 6105 
23 FIB L-8 0 " 0 . 010 l. 007 0 . 6 149 
24 II 
" 
0. 05 0 l. 038 0 . 633 4 
25 " It 0 . 25 l. 21 0 0. 7387 
26 " " 0 . 50 l. 402 0 . 8559 
27 ,, It 0 . 90 L 970 1 . 203 
29 FMMA G Toluene 0. 004 l. 006 0. 5209 
3 0 
" 
11 0 . 015 l. 022 0.5 293 
3 1 " " 0.050 1. 074 0.5 562 
32 " 
II 0 . 10 l. 151 0 .5 961 
33 11 " 0 . 25 l. 33 0 0 . 6888 
3 4 " " 0 . 40 1. 672 0 .866 0 
35 " " 0.55 1 . 847 0.9566 
36 " " 0. 70 2.292 l. 187 
37 " 
II 0 . 90 2.536 1. 3 13 
.... 
..  Dataofi. C . Chang (24), except where otherwise noted. 
:::~ :::~ D a ta of J. M . Rod r iguez (11 5 ). 
-~ ............ 
.... ........ f' .. j"' Non-Newtonian Fluid; n' =- 0. 887 . 
TABLE XVII - FRICTION FACTOR DATA TAKEN IN· THE PIPE FLOW UNIT 
RUN 1 - PURE TOLUENE AT 30 DEGREES CENTIGRADE 
TUBE SECT TEMP GPr-i PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
.51 AC 30.0 9.4Q .538E+OO 14.77 96486. 96486. 394.46 2781.5 .00454 1.00 
1.00 AC 29.9 9. 40 • 210 e-o 1 3.84 49208. 49208. 30.19 368.9 .00513 .97 
2.00 AC 30.0 9.40 .786E-03 .96 24604. 24604. 2.25 46.1 .00615 .99 
.51 AC 30.0 12.92 .891E+OO 20.29 132541. 132541. 653.26 38 20. 9 . • 00 398 .93 
1.00 AC 29.9 12.92 .361E-01 5.27 67596. 67596. 51.85 506.7 .00467 .95 
2.00 AC 30.0 12.92 .129E-02 1.31 33798. 33798. 3.71 63.3 ~00535 .93 
.51 AC 30.0 5.64 .220E+OO 8.87 57934. 57934. 161.82 1670.1 .00516 1.02 
1.00 AC 30.0 5.64 .893E-02 2.30 29546. 29546. 12.83 221.5 .00605 1.02 
2.00 AC 30.0 5.64 .335E-03 .57 14773. 14773. .96 27.6 .00727 1.04 
.51 AC 30.0 4.42 .140E+OO 6.95 45380. 45380. 103 .• 02 1308.2 .0053~ 1.00 
1.00 AC 30.0 4.42 .593E-02 1.80 23144. 23144. 8.5.2 173.5 .00655 .1.04 
.51 AC 29.9 2.90 .702E-01 4.55 29770. 29770. 51.49 858.1 .00622 1.05 
1.00 AC 30.1 2.90 . 278E-02 1.18 15183. 15183. 3.99 113.8 .00713 1.02 
.51 AC 30.0 7.61 .353E+OO 11 ~95 78044. 78044. 258.79 2249.8 .00455 .96 
1.00 AC 30.1 7.61 .160E-01 3.10 39802. 39802. 23.01 298.4 . 00598 1.08 
2.00 AC 30.0 7.61 .515E-03 • 77 19901. 19901. 1.48 37.3 .00616 .95 
- ~ - ~-- -
23.64 154378. 154378. 908.91 .51 AC 30.1 15.05 .124E+01 4450.9 .00408 .99 
1.00 AC 30.1 15.05 .496E-Ol 6 •. 15 78732. 78732~ 71.28 590.4 .00473 1.00 
. 2.00 AC 30.0 15.05 .175E-02 1.53 39366. 39366. 5.04 73.7 .00536 .97 
.51 AC 29.9 18.95 .171E+01 29.77 194407. 194407. 1253.66 5603.7 .00355 .90. 
1.00 AC 30.0 18.95 .752E-01 7.74 99147. 99147. 108.09 743.4 .00453 1.00 
z.oo AC 29~9 18.95 .271E-02 1.93 49573. 49573. 7.79 92.9 .00522 .99 
1.00 AC 30.0 28.55 .156E+OO 11.66 149337. 149337. 224.58 1119.7 .00414 1.00 
2.00 AC 30.0 28.55 .530E-02 2.91 74668. 74668. 15.23 139.9 .00450 .94 
1.oo AC 30.1 37~61 .255E+OO 15.36 196717. 196717. 366.46 1475.1 .00390 .99 
2.00 AC 30.1 37.61 .878E-02 3.84 983.58. 98358. 25.23 184.3 .00429 .95 
2 ... 00 AC 30.0 46.67 .130E-01 4.76 122048. 122048. 37.42 228.7 .00414 .95 
'1.00 AC 30.1 46.67 .377E+OO 19.06 244096. 244096. 541.88 1830.4 .00374 .99 
1.00 AC 30.0 58.75 • 566E+OO · 23.99 307268. 307268. 813.59 2303.9 .00355 .98 
2.00 AC 30.1 58.76 .196E-01 6.00 153634. 153634. 56.50 288.0 .00394 .95 N 
AC 30.0 88.95 . 422E-01 9.08 232599. 232599. 121.26 436.0 .00369 .97 ()\ 2.00 V-1 
TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
TUBE SECT TEMP GPM PSI/FT FT/ SEC N-RES GEN-RE DYNES/SO CM 8V /D F DRAG RATIO 
z.oo AC 30.0 12.85 .136E-02 1.31 33624. 33624. 3.91 6 3 .o • 00 571 .99 
z.oo AC 30.0 28.55 .556E-02 2.91 74668. 74668. 16.00 139.9 .00472 .98 
2.00 AC 30.1 31.57 .708E-02 3.22 82565. 82565. 20.36 154.7 .00492 1.05 
z.oo AC 29.9 61.76 .217E-01 6.30 161530. 161530. 62.47 302.7 .00394 .96 
2.00 AC 30.0 76.87 .333E-01 7.85 201013. 201013. 95.79 376.8 .00390 .99 
RUN 2 - 470 PPM POLYSTYRENE 240000 IN TOLUENE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN- RE DYNES/SO CM 8V/D F DRAG RATIO 
.51 AC 30.0 18.50 .182E+Ol 29.05 189744. 182283. 1335.04 5469.9 . 00397 1. 00 
1.00 AC 29.9 18.50 .744E-01 7.55 96769. 92964. 106 . 93 725.5 .00470 1.03 
2.00 AC 30.0 18.50 .275E-02 1. 88 48384. 46482. 7.92 90.6 .00557 1.05 
.51 AC 30.1 8.48 .446E+OO 13.32 86981. 83560. 3:27. 19 2507.7 .00463 .99 
1.00 AC 30.0 8 • 48 • 18 7 E-0 1 3.46 44360. 42615. 26.91 332.6 .00563 1.04 
2.00 AC 30.0 8.48 .66lE-03 • 86 22180 • 21307. 1.89 41.5 .00636 1.00 
RUN 3 - 940 PPM POLYSTYRENE 240000 IN TOLUENE 
TUBE SECT TEMP GPM PSI/FT FT /SEC N-RES GEN-RE DYNES/SO CM 8V/O F DRAG RATIO 
.51 AC 30.0 19.65 .202E+01 30.87 201581. 185796. 1480.06 58 11. 1 • 00 3 9 0 .99 
1.00 AC 30.0 19.65 .820E-01 8. 02 102806. 94756. 117.86 770.8 . 00459 1.02 
2.00 AC 30.0 19.65 .303E-02 2.00 51403. 47378. 8.71 96.3 .00543 1.04 
.51 AC 29.9 8.51 • 464E+OO 13.37 87347. 80507. 340.49 2517.7 .00478 1.03 
1.00 AC 30.0 8 • 5 1 • 19 3 E -0 1 3.47 44543. 41055. 27.78 333.9 .00576 1.07 
z.oo AC 30.1 8.51 .668E-03 • 86 22271. 20527. 1.92 41.7 .00637 1.01 
RUN 4 - 4600 PPM POLYST YRENE 240000 IN TOLUENE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V/O F DRAG RATIO 
.51 AC 30.0 19.51 .208E+Ol 30.65 200146. 138226. 1530.59 5769.8 .00409 1.04 
1.00 AC 30.0 19.51 .859E-01 7.97 102074. 70495. 123.41 765.3 • 00488 1.08 
z.oo AC 30.0 19.51 .3 20 E-02 1. 9 9 51037. 35247. 9.20 95.6 .00582 1. 11 
.51 AC 30.0 8.29 .456E+OO 13 .o l 85 008. 58709. 334.24 2450.6 .00495 1.06 N 
1.00 AC 30.0 8.29 .187E-01 3.38 43 354. 2994 1. 26.92 325.0 .00590 1.09 0'1 A 
z.oo AC 29.9 8.28 .717E-03 • 84 21677. 14970 . 2.06 40.6 .00723 1.13 
TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
RUN 7 - CYCLOHEXANE AT 25 DEGREES CENTIGRADE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
z.oo AC 25.0 27.21 .552E-02 2.77 37466. 37466. 15.85 133.5 .00570 1.02 z.oo AC 25.0 70.75 .290E-01 7.22 97390. 97390. 83.27 347.1 .00443 .97 
.51 AC 24.9 1.60 .267E-01 2.52 8665. 8665. 19.55 475.sl .00853 1.06 
1.00 AC 25.0 1 • 6 0 • 110 E -0 2 .65 4423. 4423. 1.58 63.0 .01025 1.05 
.51 AC 25.0 3.78 .115E+OO 5.95 20433. 20433. 84.16 1122. 2, . .1 . oo66o 1.02 
1.00 AC 25.0 3 • 7 8 • 48 4 E-O 2 1.54 10430. 10430. 6.95 148.7 .00806 1.05 
.51 AB 25.0 5.32 .206E+OO 8.36 28721. 28721. 150.69 1577.4 \/.00598 1.00 
.51 BC 25.1 5.32 .205E+OO 8.36 28721. 28721. 150.56 1577.5 .00597 1.00 
.51 AC 25.0 5.32 .207E+OO 8.36 28721. 28721. 152 .02 1577.4 .00603 1.01 
1.00 AC 25.0 5 • 3 2 • 8 61 E-o 2 2.17 14661. 14661. 12.45 209.0 ,.00730 1.04 
.51 AB 25.0 7.56 .390E+OO 11.88 40796. 40796. 285.54 2240 .6,J .00562 1.02 
.51 AC 25.1 7.56 • 384E+OO 11.88 40796. 40796. 280.88 2240.8 .00552 1.01 
• 51 BC 25.0 7.56 .387E+OO 11.88 40796. 40796 • 283.49 2240.6 .00558 1.01 
1.00 AC 25.0 7.56 .162E-01 3.08 20826. 20826. 23.36 296.9 .00679 1.06 
z.oo AC 25.1 7.56 .571E-03 .77 10413. 10413. 1.64 37.1 .00763 .99 
.51 BC 25.1 8.91 .515E+OO 13.99 48059. 48059. 376.68 2639.8 .00534 1.01 
-· .. .. --~·- -·.51 AS 25.1 8.91 .515E+OO 13.9 9 48059. 48059. 376.68 2639.8 '/.oo534 1.01 
.51 AC 25.0 8.91 .519E+OO 13.99 48059. 48059. 379.80 2639.5 .00538 1.02 
1.00 AC 24.9 8.91 .210E-Ol 3.63 24533. 24533. 30.24 349.7 .006~4 1.02 
2.00 AC 24.9 8.91 .771E-03 .90 12'266. 12266. 2.21 43.7 .00742 1.01 
.51 AC 25.1 11.29 .781E+OO 17.73 60882. 60882. 571.25 3344.1 .00504 1.00 
.51 AB 25.1 11.29 .785E+OO 17.73 60882. 60882. 574.37 3344.1 ;.00507 1.01 
- ·~ - --· --
.51 BC 25.1 11.29 .782E+OO 17.73 60882. 60882. 572.29 3344.1 .00505 1.01 
1.00 AC 25.0 11.28 .318E-01 4.61 31079. 31079. 45.68 443. 1 .00596 1.02 
z.oo AC 25.0 11.28 .116E-02 1.15 15539. 15539. 3 . 33 55.3 .00698 1.01 
z.oo AC 25.1 13.71 .164E-02 1.40 18875. 18875. 4.71 67.2 .00667 1.01 
1.00 AC 25.1 13.71 .444E-01 5.60 37750. 3 7750. 63.76 • 538.2 .00564 1.01 
.51 AC 25.1 13.71 .109E+Ol 21.53 73948. 73948. 800.14 4061.8 .• 004 79 .99 
.51 AC 25.0 16.46 .148~+01 25.86 88821. 88821. 1082.42 4878.2 .00449 .97 
.51 AC 25.0 19.40 .206E+01 30.47 104667. 104667. 1512.29 5748.5 .00452 1.01 




TABLE XVII -FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
TUBE SECT TEMP GPM PSI/FT F TIS EC N- RES GEN- RE DYNES/SO CM 8V/D F DRAG RAT 10 
• 51 AC 25.0 24 . 43 .3 10E +Ol 38 . 37 131772 . 131772. 2273.09 7237.1 . 00428 1. 00 1.00 AC 24.9 24 . 43 .126 E+OO q .9 7 67268 . 67268. 181.51 958.9 .00 506 1.03 2.00 AC 24.9 24.43 .444E-02 2.49 33634 . 33634. 12.76 119.8 . 00569 .99 2.00 BC 25 . 0 24.43 . 459E-02 2. 49 33634 . 33634. 13.17 119.8 .00588 1. 02 
2.00 AB 25 . 0 24 . 43 .449E - 02 2. 49 33634 . 33634. 12.88 119.8 . 00575 1.00 
1.00 AC 24 . 9 27 . 25 . 148E+OO 11.13 75038. 75038. 213 . 04 1069.7 .00477 .99 
1.00 AC 25.0 30.03 . 176E+OO 12.27 82702 . 82702 . 253.14 1179.1 .00467 . 99 
1.00 AC 25.0 36.28 . 248E+OO 14.81 99885. 99885. 356.25 1424.1 .00450 1. 00 
2.00 BC 24 . 9 36.27 . 899E-02 3. 70 4994 2. 49942 . 25.82 177.9 .00522 .99 
2.00 AC 24 . 9 36.27 . 892E-02 3. 70 4994 2. 49942. 25.62 177.9 .00518 . 9 9 
2.00 AB 24.9 36 .27 . 912E-02 3. 70 49942. 49942. 26.17 177.9 .00529 1.0 1 
1.00 AC 25.0 46.93 .384E+OO 19.17 129215. 129215 ~ 551.36 1842.3 .00416 . 97 
2.00 AB 25.0 46.93 .141E-01 4 . 79 64607 . 64607. 40.47 230.2 .00489 . 99 
2.00 BC 25 . 0 46.93 . 138E-01 4.79 64607 . 64607. 39 .71 230 . 2 .00480 .97 
z.oo AC 25 . 0 46 . 93 .14 1E-Ol 4.79 64607. 64607. 40.66 230.2 .00491 .99 
1.00 AC 25.0 58 .14 .567E+OO 23.75 160082 . 160082 . 813.96 2282.3 . 00400 .98 
2.00 AC 25.1 58.15 . 202E- 0 1 5.93 80041. 80041. 58 . 04 285.3 .00457 . 96 
z.oo AB 25.0 58 .1 4 . 202E-01 5. 93 80041. 80041. 58.03 285.2 . 00457 . 96 
z.oo BC 25.0 58.14 .203E-01 5.93 80041. 80041. 58.40 285.2 . 00460 .97 
z.oo AC 25 .1 76.09 .336E-Ol 7.77 104734. 104734. 96.68 373.3 .00444 .99 
RUN 8 - 10 PPM PIB L-80 IN CYCLOHEXANE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CH 8V 10 F DRAG RATIO 
1.00 AC 25.0 11.34 . 320E-01 4.63 31239. 31158 . 45.99 445.4 .00594 1.02 
z.oo AC 25.0 11.34 .120E-02 1.15 15619. 15579. 3.46 55.6 .00716 1.04 
.51 AC 25.1 11.34 .791E+OO 17.82 61195. 61037. 578.49 3361.3 .00506 1.01 
z.oo AC 25 .0 25.05 .459E- 02 2.55 34485. 34396. 13.19 122.9 .00560 .98 
1.00 AC 25.0 25.05 .122E+OO 10.23 68971. 68793. 176.42 983.3 .00468 .96 




TABLE XVI I - FRICTiON FACTOR DA TA TAKEN IN THE P I PE FLOW UNI T ICONT ) 
RUN 9 - 40 PPM PIB L- 80 IN CYC LOHEXANE 
TUBE SECT TEMP GPM PS I /FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V/D F DRA G RAT l 0 
2 .00 AC 25 . 0 24 . 54 . 458E-02 2. 50 33 794. 33440 . 13 . 1 7 120 . 4 . 00582 1. 0 1 
1 . 00 AC 25 . 0 24 . 54 .1 20E~oo 10 . 0 2 67588 . 66 881 • 173 . 33 963.6 .00478 • 9 7 
• 51 AC 25 . 0 24.54 .306E +0 1 38 . 55 132398 . 13 1013 . 2239 . 05 7271. 5 . 00 41 8 .9A 
.51 AC 25 . 0 24 . 54 . 303E~Ol 38.55 132398. 131013 . 2220 . 32 7271. 5 .004 14 • q 1 
2.00 AC 24 . 9 11.38 .l 19E - 02 1. 16 156 72 . 15509 . 3 .4 3 55 . 8 . 00 706 1.0? 
1. 00 AC 25 .1 11. 38 . 323E - 01 4. 65 31345 . 310 18 . 46 . 42 446 .9 .00 596 1.02 
.51 AC 24.9 11. 38 . 798E~oo 17.87 t>l403 . 60761 . 583.72 337 1. 9 . 00507 1. 0 l 
RUN 10 - 100 PPM P IB L-80 lN CYC LOHEXANE 
TUBE SEC T TEMP GP M P$ 1/F T FT/SEC N-RES GE N- RE DYNES/SO CM 8V/O F DRA G qATI G 
2.00 AC 25.0 11 . 30 . 12 1E- 02 1. 1 5 15566. 151 60 . 3 .4 8 55 . 4 .00725 1. 05 
1.00 AC 24. 9 11.30 . 322E-0 1 4 . 61 31133 . 3032 1. 46 . 27 44 3. 8 . 00602 1 • () 3 
.51 AC 24 .9 11.30 . 791E+OO l7 . 7'J 60986 . 5 93 96 . 578 . 32 3349 . 0 . 00509 1 . I) 1 
2.00 AC 2~ .9 24 . 43 . 477E-oz 2 . 49 33634. 32 75 7 . 13 . 69 119. 8 • 00 6 1 1 1. () 6 
.51 AC 24. 9 24.43 . 31?.E +Ol 38 . )6 131772 . 128337 . 22B2.0A 7236 . 3 . 00430 l. 01 
1. 00 AC 25 . 0 24 . 43 .ll 9E~oo 9 . 9d 6726~ . 65515 . 17 1. 57 959 . 0 . 00 478 . 9 7 
RUN 11 - 500 PP M P l B L-8 0 IN CYC LOHEX ANE 
TUBE SECT TEMP GP M PS[/FT F T I 5 E: N-~ES GEN-RE DYNES/SO CM 8V/O F OaAG RAT [0 
z.oo AC 25 . 0 27 . 93 . 5ijQE-02 2 . 8) 3A 4SO. 34255 . 16 . 92 137 .0 . 005 77 1. 0 4 
2.00 AC 25 . 0 52 . 50 . 17SE-O l S . 3b 72271. h4386 . 50. 4S 257 . 6 . 004A7 1 • () 1 
z.oo AC 25.0 79 . 56 . 374E - 01 R. 12 109524 . Q 7S 74 . 107 .4 0 390 . 3 . 00 452 1. 0 2 
2.00 AC 24. 9 11.26 .1 ?.4E-02 1. 15 1 ~513. 13820 . 3 .5 6 55. 2 . 00 747 l .OA 
1.00 AC 24.9 11 . 26 . 332t-O l 4 . 60 3102~. 2 7 64 1. 47. 71 44 2. ) . 0062 5 1.07 
.51 AC 25 . 0 11.26 . 777E•OO L 7 . ~<1 6fl77~ . 541 46 . 568 . 42 3338. 0 . 00504 l. ()f) 
2. 00 AC 25 . 0 13.78 .17~E - 02 1 • 't tl 1~QR1 . l6Q l 0 . 4. 97 b1. b . 0069 7 1.0'> 
1 . 00 AC 25 . 1 13 . 79 .4ol E-Ol 5 . ·:d 37Q~i . 338 2') . hb . 16 541. 3 . 005 79 1.0 4 
.51 AC 25 . 0 13. 78 .1 07E•Ol 2 l . ~) 74365 . 66 2 51 • 7~5 . 97 408 4. 2 . 00465 • Q 7 




TABLE XVII -FRICTION FACTOR DATA TA KEN IN THE PIPE FLOW UNIT fCONT) 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM BV/D F DRAG RATI O 
1.00 AC 25.0 19.29 .852E-01 7.88 53133. 47336. 122.28 757.5 .00546 1.06 
.51 AC 25.0 19.29 .184E+Ol 30.30 104083. 92727. 1345.79 5716.4 .00406 • 91 
.51 AC 25.0 16.39 .142E+01 25.74 88404. 78758. 1041.92 4855.3 .00436 .94 
z.oo AC 25.1 25.51 .498E-02 2.60 35124. 31292. 14.31 125.2 .00585 1.03 
1.00 AC 25.0 25.51 .133E+OO 10.42 70249. 62584. 192.05 1001.5 .00491 1.01 
.51 AC 25.0 25.51 .270E+Ol 40.07 137610. 122596. 1977.72 7557.7 .00342 • 81 
2.00 AC 25.0 24.74 .490E-0 2 2.52 34060. 30343. 14.06 121.4 .00612 1.07 
1.00 AC 25.1 24.74 .125E+OO 10 . 10 68120. 60687. 179.90 971.3 .00489 1.00 
.51 AC 25.0 24.74 .261E+01 38.85 133440 . 118881. 1915.27 7328.7 .00352 .83 
.51 AC 24.9 22.45 .227E+01 35.25 121097. 107884. 1661.25 6650.0 .00371 • 85 
.51 AC 25.1 28.14 .305E+01 44.20 151788. 135227. 2233.73 8337.4 .00317 .76 
1.00 AC 25.0 28.14 .162E+OO 11.49 77486. 69032. 232.53 1104.7 .00488 1.02 
1.00 AC 24.9 32.75 .222E+OO 13.37 90174 . 80335. 318.81 1285.5 .00494 1.07 
2.00 BC 25.0 37.41 .985E-02 3.82 51503. 45883. 28.27 183.5 .00538 1.03 
z.oo AB 25.1 37.41 .971E-02 3.82 51503. 45883. 27.89 183.5 .00530 1.02 
2.00 AC 25.0 37.41 .973E-02 3. 82 51503. 45883. 27.94 183.5 .00531 1.02 
1.00 AC 25.0 37.41 .264E+OO 15.28 103006. 91767. 379.75 1468.6 .00451 1.00 
2.00 AC 25.1 47.01 .141E-Ol 4. 80 64714. 57653. 40.47 230.6 .00487 .98 
~- -·- · 1.00 AC 25.1 47.01 .389E+OO 19.20 129428. 115306. 559.52 1845.5 .00421 .98 
2.00 AC 25.0 58.45 .214E-01 5.96 80467. 71687. 61.6 7 286.8 .00480 1.02 
1.00 AC 25.0 58.45 .565E+OO 23.87 160934. 143375. 811.22 2294.5 .00395 .96 
2.00 BC 25.1 69.71 .309E-Ol 7.11 95953. 85484. 88.74 342.0 .00486 1.07 
2.00 AC 25.1 69.71 .307E-01 7.11 95953. 85484. 88.17 342.0 .00483 1.06 
2.00 AB 25.1 69.71 .303E-01 7.11 95953. 85484. 87.22 342 .o .0047 8 1.05 
2.00 AC 24.9 88.13 .458E-01 9.00 121339. 108100. 131.59 432.4 .00451 1.04 
RUN 12 - 1000 PPM PIB L-80 IN CYCLOHEXANE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
2.00 AC 25.0 1.81 .634E-03 • so 10838 • 8605. 1.82 38.6 .00782 1.03 
1.00 AC 24.9 7.87 .17 2E-01 3.21 21677. 17210. 24.80 309.0 .00666 1.04 
.51 AC 25.0 7.87 .402E+OO 12.36 42464. 33714. 294.44 2332.2 .00534 .98 
2.00 AC 25.1 8.98 .8 37E-03 • 91 12372. 9822. 2.40 44.1 .00792 1.08 N 
m 
co 
TABLE XVII -FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/O F 
1.00 AC 25.0 8.98 .230E-01 3.67 24744. 19645. 33.04 352.8 .00681 
.51 AC 25.0 8.98 .529E+OO 14.11 484 72. 38483. 387.04 2662.1 .00539 
z.oo AC 25.0 11.34 .127E-02 1.15 15619. 12400. 3.65 55.6 .00756 1.00 AC ~~ .o 11.34 .344E-01 4.63 31239. 24801. 49.50 445.4 .00640 
.51 AC (J .1 11.34 .767E+OO 17.82 61195. 48584. 560.79 3361.3 .00490 
z.oo AC 25.0 13.86 .175E-02 1.41 19087. 15154. 5.04 68.0 .00698 1.00 AC 25.0 13.86 .483E-Ol 5.66 38175. 30308. 69.35 544.2 .00600 
.51 AC 25.1 13.86 .101E+Ol 21.77 74782. 59372. 741.87 4107.6 .00434 
.51 AC 25.1 16.23 .131E+01 25.50 87570. 69524. 963.78 4810.0 .00411 
z.oo AC 24.9 19.42 .346E-02 1.98 26737. 21227. 9.95 95.2 .00703 
1.00 AC 25.1 19.42 .830E-01 7.93 53474. 42454. 119.11 762.5 .00525 
.51 AC 25.0 19.42 .170E+01 30.50 104750. 83164. 1248.93 5753.0 .00372 
1.00 AC 25.0 22.61 .109E+OO 9.23 62266. 49434. 157.53 887.7 .00512 
.51 AC 25.0 22.61 .211E+01 35.51 121973. 96837. 1548.64 6698.9 .00341 
z.oo AC 25.1 24.97 .528E-02 2.55 34379. 27294. 15.16 122.5 .00647 
1.00 AC 25.1 24.97 .131E+OO 10.20 68758. 54589. 188.47 980.4 .00503 
.51 AC 25.0 24.97 .249E+01 39.22 134691. 106935. 1826.48 7397.4 .00329 
.51 AC 25.0 28.31 .293E+01 44.47 152727. 121254. 2145.98 8388.0 .00301 
1.00 AC 24.9 30.68 .190E+OO 12.53 84486. 67075. 273.44 1204.4 .00483 
z.oo AC 25.0 36.95 .978E-02 3.77 50864. 40382. 28.08 181.3 .00548 
z.oo BC 24.9 36.94 .101E-Ol 3.77 50864. 40382. 29.06 181.2 .00567 
z.oo AS 25.1 36.95 .lOOE-01 3.77 50864. 40382. 28.88 181.3 .00563 
1.00 AC 25.0 36.95 .260E+OO 15.09 101729. 80765. 373.44 1450.4 .00455 
z.oo AC 24.9 46.23 .146E-01 4.72 63649. 50533. 42.12 226.8 .00524 
1.00 AC 25.0 46.23 .378E+OO 18.88 127299. 101066. 543.74 1814.9 .00423 
z.oo AC 24.9 58.10 .223E-Ol 5.93 79988. 63504. 64.12 285.0 .00506 
1.00 AC 25.1 58.11 .560E+OO 23.73 159976. 127009. 804.67 2281.1 .00396 
z.oo AC 25.0 70.98 .323E-Ol 7.24 97709. 775 74. 92.80 348.2 .00490 


































TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
RUN 13 - 3000 PPM PIB L-80 IN CYCLOHEXANE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM 8V/D F DRAG RATIO 
z.oo AC 24.9 27.26 .628E-02 2.78 3 7536. 19950. 18.04 133.7 .00646 1.15 
z.oo AC 25.0 52.42 .203E-01 5.35 72164. 38355. 58.50 257.2 .00567 1.17 
z.oo AC 25.0 80.10 .417E-01 8.18 110269. 58608. 119.82 393.0 .00497 1.12 
1.00 AC 24.9 5.32 .109E-01 2.17 14661. 7792. 15.75 209.0 .00925 1. 32 
.51 AS 25.0 5.32 .243E+OO 8.36 28721. 15265. 177.93 1577.4 .00706 1.19 
.51 BC 25.0 5.32 .242E+OO 8.36 28721. 15265. 177.29 1577.4 .00704 1.18 
.51 AC 25.0 5.32 .237E+OO 8.36 28721. 15265. 173.80 1577.4 .00690 1.16 
z.oo AC 24.9 7.65 .726E-03 .78 10537. 5600. 2.08 37.5 .00948 1.24 
1.00 AC 25.0 7.65 .192E-O 1 3.12 21074. 11201. 27.64 300.4 .00785 1.22 
• 51 AC 25.1 7.65 .435E+OO 12.02 41283 • 21942. 318.47 2267.5 .00612 1.12 
z.oo AC 25.0 8.96 .899E-03 .91 12346. 6562. 2.58 44.0 .00854 1.16 
1.00 AC 25.0 8.96 .250E-01 3.66 24693. 13124. 36.01 352.0 .00745 1.21 
.51 AC 25.1 8.97 .572E+OO 14. 08 48372. 25709. 418.40 2656.9 .00585 1.11 
2.00 AC 25.0 11.40 .143E-02 1.16 15699. 8344. 4.12 55.9 .00844 1.22 
1.00 AC 25.0 11.40 .382E-01 4.65 31399. 16688. 54.87 447.6 .00702 1.20 
.51 AC 25.1 11.40 .838E+OO 17.91 61507. 32691. 612.99 3378.4 .00530 1.06 
···- - .. -. z.oo AC 25.0 14.12 .204E-02 1.44 19442. 10333. 5.85 69.3 .00781 1.19 
1.00 AC 25.0 14.12 .540E-Ol 5.76 38885. 20667. 77.53 554.4 .00647 1.16 
.51 AC 25.1 14.12 .115E+Ol 22.18 76172. 40485. 840.87 4183.9 .00474 .99 
.51 AC 25.0 16 . 10 .138E+01 25.29 86875. 46174. 1014.61 4771.3 .00440 .95 
z.oo AC 24.9 19.71 .354E-02 2.01 27141. 14425. 10.18 96.7 .00698 1.16 
1.00 AC 24.9 19.71 .929E-Ol 8.05 54283. 28851. 133.42 773.8 .00571 1.11 
.51 AC 24.9 19.71 .182E+Ol 30.96 106335. 56517. 1333.01 5839.4 .00386 • 86 
.51 AC 24.9 22.45 .216E+01 35.27 121139. 64385. 1582.75 6652.3 .00353 .81 
z.oo AC 24.9 24.78 .539E-02 2.53 34126. 18138. 15.49 121.6 .00671 1.17 
1.00 AC 25.0 24.79 .138E+OO 10.12 68252. 36276. 198.37 973.1 .00537 1.10 
.51 AC 25.1 24.79 .245E+Ol 38.93 133699. 71061. 1796.21 7343.8 .00329 • 77 
.51 AC 25.1 27.83 .286E+Ol 43.71 150087. 79771. 2092.83 8243.9 .00304 .73 
1.00 AC 25.0 30.14 .199E+OO 12.31 83000. 44114. 285.94 1183.3 .00523 1. 11 
2.00 AC 25.0 37.11 .109E-01 3.79 51090. 27154. 31.32 182.1 .00605 1.16 
z.oo BC 24.9 37.11 .109E-01 3.78 51090. 27154. 31.54 182.0 .00610 1.17 N 
'-.J 
0 
TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
2.00 AB 25.1 37.11 .109E-Ol 3.79 51090. 27154. 31.52 182.1 .00609 1.17 
1.00 AC 25.0 37.11 .275E+OO 15.16 102180. 54308. 395.33 1456.8 .00477 1.06 
2.00 AC 24.9 46.38 .158E-01 4.73 63862. 33943. 45.56 227.6 .00564 1.13 
1.00 AC 25.1 46.39 .398E+OO 18.95 127725. 67886. 571.90 1821.2 .00442 1.03 
2.00 AC 25.0 57.87 .240E-01 5.91 79668. 42343. 69.10 283.9 .00549 1.16 
1.00 AC 25.0 57.87 .573E+OO 23.64 159337. 84687. 823.48 2271.7 .00409 1.00 
1.00 AC 25.1 71.33 .777E+OO 29.13 196377. 104374. 1115.68 2800.2 .00365 .92 
2.00 AC 24.9 71.32 .343E-Ol 7.28 98188. 52187. 98.53 349.9 .00515 1.14 
2.00 AC 25.0 83.66 .453E-01 8.54 115165. 61210. 130.03 410.4 .00494 1.13 
RUN 13A - 3000 PPM PIB L-80 AFTER DEGRADATION 
TUBE SECT TEMP GPM PSI I FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
.51 AC 25.0 16.10 .143E+01 25.29 86875. 46174. 1051.92 4771.3 .00456 .98 
.51 AC 24.9 19.71 .185E+01 30.96 106335. 56517. 1355.74 5839.4 .00392 • 88 
.51 AC 25.1 22.46 .224E+01 35.27 121139. 64385. 1642.89 6653.9 ·.00366 .84 
.51 AC 24.9 24.76 .273E+Ol 38.88 133549. 70981. 2001.85 7333.8 .00367 • 86 
.51 AC 25.0 24.76 .276E+01 38.88 133549. 70981. 2020.48 7334.7 .00371 .87 
- - ··-
.51 AC 25.1 27.27 .317E+Ol 42.82 147059. 78162. 2318.01 8077 . 6 .00351 • 84 
RUN 14 - 1 PER CENT PIB L-BO IN CYCLOHEXANE 
... ·- . -
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM BV/0 F DRAG RATIO 
2.00 AC 25.0 36.49 .139E-Ol 3.72 50238. 6571. 39.91 179.0 .00798 1.52 
2.00 AB 25.0 36.49 .137E-01 3.72 50238. 6571. 39.37 179.0 .00787 1.50 
z.oo BC 25.0 36.49 .139E-Ol 3.72 50238. 6571. 40.13 179.0 .00802 1.53 
1.00 AC 25.1 36.50 .329E+OO 14.90 100477. 16610. 473.30 1432.7 .00591 1.31 
2.00 AC 25.0 55.02 .285E-01 5.61 75741. 10376. 81.85 269.9 .00720 1.50 
2.00 AC 25.0 79.64 .517E-01 8.13 109631. 15657. 148.62 390.7 .00624 1.41 
2.00 AC 25.1 7.88 .757E-03 • 80 10856. 1195. 2.17 38.7 .00930 1.23 
1.00 AC 25.0 7.88 .253E-01 3.22 21713. 3020. 36.41 309.5 .00974 1.53 
.51 AC 25.0 7.88 .553E+OO 12.38 42534. 7429. 404.56 1 2336.0 .00732 1.35 
2.00 AC 25.0 9.02 .8B7E-03 .92 12426. 1388. 2.54 44.2 .00832 1.14 N 
"'-.! 
....... 
TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM BVID F DRAG RATIO 
1.00 AC 25.0 9.02 .333E-01 3.68 24853. 3510. 47.90 354.3 .00978 1.59 
.51 AC 25.1 9.02 .705E+OO 14.17 48684. 8634. 515.83 2674.1 .00712 1.35 z.oo AC 25.0 11.44 .l68E-02 1.16 15752. 1808. 4.84 56.l .00986 1. 43 1.00 AC 25.0 11.44 .501E-01 4.67 31505. 4570. 71.93 449.1 .00914 1.57 
.51 AC 25.1 11.44 .981E+OO 17.97 61716. 11241. 717.56 3389.9 .00617 1.23 
z.oo AC 25.0 13.78 .257E-02 1.40 18975. 2224. 7.38 67.6 .01034 1.57 
1.00 AC 25.0 13.78 .700E-Ol 5.63 37951. 5622. 100.49 541.0 .00880 1.58 
.51 AC 25.1 13.78 .125E+01 21.65 74343. 13828. 916.18 4083.5 .00543 1.13 
.51 AC 25.1 27.25 .278E+Ol 42.80 146993. 29523. 2033.08 8074.0 .00308 • 74 
.51 AC 24.9 15.69 .147E+Ol 24.64 84651. 15977. 1074.98 4648.6 .00491 1.05 
z.oo AC 25.0 18.61 .451E-02 1.90 25630. 3107. 12.95 91.3 .00995 1.63 
1.00 AC 25.0 18.61 .117E+OO 7.60 51260. 7855. 168.24 730.8 .00808 1.55 
.51 AC 25.0 18.61 .183E+Ol 29.24 100414. 19320. 1338.21 5514.8 .00434 .96 
.51 AC 25.0 21.49 .213E+01 33.75 115926. 22669. 1558.36 6366.8 .00379 .87 
.51 BC 25.0 21.49 .212E+01 33.75 115926. 22669. 1556.23 6366 .a .oo379 • 86 
.51 AB 25.1 21.49 .216E+01 33.76 115926. 22669. 1579.23 6367.5 .00384 .88 
2.00 AC 25.0 24.43 .714E-02 2.49 33634. 4205. 20.50 119.8 .00915 1.59 
1.00 AC 25.0 24.43 .184E+OO 9 . 98 
---_ ,_~ .. -...-
67268. 10629. 264.08 959.0 .00736 1.50 
.51 AC 25.1 24.43 .249E+01 38.37 131772. 26142. 1827.61 7237.9 .00344 • 81 1.oo AC 25.1 30.20 .249E+OO 12.33 83153. 13456. 357.76 1185.7 .00652 1.39 
1.00 AC 24.9 46.23 .464E+OO 18.88 127299. 21612. 666.96 1814.7 .00519 1.21 
z.oo AC 24.9 46.23 .211E-01 4.72 63649. 8550. 60.63 226.8 .00755 1.52 
z.oo AC 25.0 58.57 .322E-Ol 5.98 80626. 11123. 92.67 287.3 .00719 1.52 
1.00 AC 25.1 58.57 .662E+OO 23.92 161253. 
-· ,__ ' . 
28116. 950.99 2299.3 .00461 1.13 
2.00 AC 25.1 71.45 .443E-01 7.29 98348. 13875. 127.25 350.5 .00664 1.47 
z.oo AC 25.1 84.75 .597E-01 8.65 116655. 16 777. 171.41 415.8 .00635 1.45 
RUN 15 - RECHECK OF CYCLOHEXANE AFTER L-80 RUNS 
TUBE SECT TEMP GPM PSI/FT FT /SEC N-RES GEN-RE OYNES/SQ CM BV/D F DRAG RATIO 
2.00 AC 25.0 11.46 .893E-03 1.17 15786. 15786. 2.56 56.2 .00519 .75 
1.00 AC 25.0 11.46 .333E-01 4.68 31573. 31573. 47.81 450.1 .00605 1.04 
.51 AC 25.1 11.46 .819E+OO 18.01 61848. 61848. 599.16 3397.2 .00513 1.02 
2.00 AC 24.9 25.39 .474E-02 2.59 34964. 34964. 13.61 124.6 .00562 .99 N 
-.....) 
1.00 AC 25.0 25.40 .126E+OO 10.37 69929. 69929. 181.70 997.0 .00468 .96 N 
.51 AC 25.0 25.40 .333E+01 39.88 136985. 136985. 2439.29 7523.4 .00425 1.00 
TABL E XVll - FRI CTION FAC TOR DAT A TA KEN IN THE PI PE FLOW UNI T (CON TI 
RUN 16 - 100 PPM P IB LMM H IN CYCLO HEXA NE 
TUBE SECT TEMP GP M PSl / FT FT/SEC N-RES GEN- RE DY NES/SO CM BVID F DRA G RA TIO 2.00 AC 25 .o 18 . 89 • 305E - 02 1. 9 2 26013 . 25920 . 8.76 92.7 . 0065 3 1. 0 7 1.00 AC 25 . 0 18.89 . 808E - 01 7. 71 52026 . 51 840 . 116 . 06 741.7 . 00541 1. 04 
.51 AC 25 . 0 l B. A9 • L94E +Ol 29 . 67 1019 15. 101549 . 1424.9 3 5597.3 . 004 49 1. 00 2.00 AC 25 . 0 24 . 85 . 476E - 02 2.53 34219 . 34097 . 13 . 67 121. 9 . 005R9 l. 03 1.00 AC 25 .1 24. R6 . 125E+OO 10 . 15 6 84 3 9 . 68194 . 180 .1 4 975 .8 .00485 . 99 
.51 AC 25 . 0 24. 85 . 32 1E+Ol 39.03 134066 . 133585 . 234 7.02 736 3.1 . 00427 1. 00 
.51 AC 24. 9 18 . 89 .l85E +Ol 29 . 67 101915 . 1015 49 . 1353 . 00 5596. 1 • 00426 • 9 s 
.51 AC 25 . 0 22 . 0 3 . 255E +0 1 34.60 11 8845 . 11841 9. 1868 .15 6 52 7. 1 • 00 4 3 3 . 99 
RUN 17- 500 P P ~ PI B LMMH IN CYC LOHEX ANE 
TUBE SECT TEMP GPM PSl/FT FT/S EC N-RES GE N- RE DYNES/SO CM 8V/D F ORAG RAT In 
2.00 AC 25 . 0 19 . 21 . 300E - 02 l . 9 6 26449 . 25982 . 8.6 2 94. 2 . 00622 1. 02 
1.00 AC 25 . 0 19 . 21 . 824E - Ol 7.84 52899 . 5 1964. 11 8 . 26 754. 2 . 00533 1.0 3 
.51 AC 24. 9 19 . ?.1 .202E • Ol 30 . 17 103625 . 10 1793 . 14 77 . 53 5690 .5 . 004'>0 1. 00 
z.oo AC 25 .1 24.7 8 . 469E-02 2. 53 3411 3. 33 510 . 13 . 46 1 21 • 6 • 00 5 A 4 1. 0 2 
1.00 AC 24. 9 24. 77 . 127E • OO l 0 . 12 ~R226 . 6 7020 . 1133 . S~ 972. 6 . 00 497 1. 01 
.51 AC 25 . 0 24.78 .3 21E •Ol 38. 91 133649 . 131286 . 23 48 . 35 7340 . 2 . 0043 0 1.0 l 
RUN 18- 2000 PP M DfB LMM H IN CYCLOHEX AN E 
TUBE SECT TE MP GP M PSI/F T FT/SEC N - ~ES GE N-qE OY~ES/SO CM 8V /O F 05UG RAT fO 
2.00 AC 25 . 0 19.17 . 313E-02 l. 9 5 2t>39~ . 24SQC,. 9 . 00 94.0 .00652 l. () 7 
1.00 AC 25 . 0 19 . 17 . 817E-Ol 7. 83 5279) . 49 191. 11 7.30 75 2.7 . 00'> 31 1. 02 
.51 AC 25 . 0 19 .1 7 . ,~OOE • <l1 3 •I • 1 1 10 3416 . Q~ 3 6 1 • 14 6 7.37 56 7q.7 . 00 449 l. () () 
2.00 AC 25 .1 24 . 8b .4 12 ~-0i 2 . s ) 34 ?19 . 31 RR1 . 13 . 54 121.9 . OOS R3 1. 02 
1.00 AC 25 . 0 24. qS .1 2T ~ +00 10 . l s .,R43Q . 63 77 (} . 18 3. 5Q 975.7 . 0049 4 1. 1') 1 
.51 AC 25 . 0 24. RS . l2 2 ~ • 0l 3 Q . ()~ 1 ) 4 0 6~ . l2 C. 92 0 . 23C,7 . 08 736 3.1 . 00 429 1. 0 1 
TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
RUN 19 - 8500 PPM PIB LMMH IN CYCLOHEXANE 
TUBE SECT TEMP GPM PSI I FT FTISEC N-RES GEN-RE DYNESISQ CM 8VID F 
2.00 AC 25.1 19.08 .320 E-02 1.94 26268. 19734. 9.21 93.6 .00673 
1.00 AC 25.0 19.08 .864E-Ol 7.79 52537. 39469. 124.11 749.0 .00567 
.51 AC 24.9 19.08 .211E+Ol 29.96 10 2916. 77317. 1545.94 5651.6 .00478 
2.00 AC 25.0 24.78 .482E-02 2.53 34113. 25628. 13.84 121.5 .00600 
1.00 AC 25.0 24.78 .135E+OO 10.12 68226. 51256. 194.85 972.7 .00528 
.51 AC 25.0 24.78 .336E+Ol 38.91 133649. 100406. 2457.24 7340.2 .00450 
RUN 21 - 2.0 PER CENT PIB LHMH IN CYCLOHEXANE 
TUBE SECT TEMP GPM PSI/FT FTISEC N-RES GEN-RE DYNESISQ CM 8VID F 
2.00 AC 24.9 24.39 .565E-02 2.49 33581. 16870. 16.23 119.6 .00726 
1.00 AC 25.1 24.39 .146E+OO 9.96 67162. 33740. 210.39 957.6 .00588 
.51 AC 25.1 24.39 .380E+01 38.31 131564. 66094. 2781.71 7226.5 .00526 
2.00 AC 25.0 19.29 .321E-02 1.97 26566. 13346. 9.21 94.6 .00659 
1.00 AC 24.9 19.29 .881E-Ol 7.88 53133. 26692. 126.53 757.4 .00565 
- . --··· ·- - ~51 AC 25.0 19.29 .227E+01 30.30 104083. 52288. 1661.74 5716.4 .00502 
RUN 22 - PURE SOLVENT BENZENE AT 24 DEGREES C 
TUBE SECT TEMP GPM PSI I FT FT/SEC N-RES GEN-RE OYNESISQ CH 8VID F 
.51 AC 23.9 19.04 .203E+Ol 29.90 168848. 168848. 1490.68 5640.6 .00410 
2.00 AC 24.0 24.73 .470E-02 2.52 55965. 55965. 13.51 121.3 .00521 
. ·--·- .. 24.1 24.73 .1 24E+OO 10.10 111930. 111930. 178.02 970.9 .00429 1.00 AC 
.51 AC 24.1 24.73 .329E+01 38 . 84 219259. 219259. 2405.96 7326.5 .00392 
2.00 AC 24.1 19.04 .273E-02 1.94 43097. 43097. 7.86 93.4 .00511 

























TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONTJ 
RUN 23 - 100 PPM PIB L-80 IN BENZENE 
TUBE SECT TEMP GPJ1 P Sl I FT FT /SEC N-RES GEN-RE OYNES/SQ CM 8V/D F DRAG RATIO 2.00 AC 23 .9 19.29 .300E-02 1.96 43655. 43343. 8.61 94.6 .00546 1.01 1.00 AC 24.0 19.29 .7 67E-Ol 7.88 87311. 86686. 110.20 757.2 .00436 .94 
.51 AC 23.9 19.29 .206E+01 30.29 171034. 169811. 1512.91 5713.7 .00405 1.00 2.00 AC 24.0 25.55 .468E-02 2.60 57825. 57411. 13.43 125.3 .00485 .95 1.00 AC 24.1 25.55 .133E+OO 10.43 115650. 114823. 192.00 1003.2 .00433 .99 
.51 AC 24.1 25 .55 .344E+Ol 40.13 226548. 224927. 2518.58 7570.0 .00384 1.00 
RUN 24 - 500 PPM PIB l-80 IN BENZENE 
TUBE SECT TEMP GPM PSl/FT FT I SEC N-RES GEN-RE OYNES/SQ CM 8V/D F DRAG RATIO 
2.00 AC 24.0 18.90 .315E-02 1.93 44064. 42436. 9.06 92.7 .00581 1.08 
1.00 AC 24.0 18.90 .849E-01 7.72 88128. 84872. 121.90 742.1 .00488 1.05 
.51 AC 23.9 18.90 .204E+01 29.69 172633. 166256. 1497.30 5599.9 .00406 1.00 
2.00 AC 24.0 24.36 .489E-02 2.48 56786. 54688. 14.03 119.5 .00542 1.06 
1.00 AC 24.0 24.36 .133E+OO 9.95 113573. 109377. 190.89 956.4 .00460 1.05 
.51 AC 24.1 24.36 .326E+01 
...... ... ~ .... ._ , .. 
38.26 222478. 214259. 2385.45 7216.8 .00389 1.01 
RUN 25 - 2500 PPM PIB L-80 IN BENZENE 
TUBE SECT TEMP GPM PSI I FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/O F DRAG RATIO 
2.00 AC 24.1 19.21 .315E-02 1.96 43469. 35925 . 9.04 94.2 .00578 1.07 
1.00 AC 24.0 19.21 .833E-01 7.84 86939. 71851 • . 119.66 754.0 .00478 1.03 
.51 AC 23.9 19.20 .198E+01 30.16 170306. 140749. 1454.71 5689.3 .00393 .97 
2.00 AC 24.0 24.90 .493E-02 2.54 56352. 465 72. 14.16 122.1 .00539 1.05 
1.oo AC 24.1 24.90 .135E+OO 10.17 112705. 93145. 194.81 977.6 .00463 1.05 
.51 AC 24.1 24.90 .299E+Ol 39.11 220778. 182462. 2189.79 7377.2 .00352 .91 
.51 AC 24.0 27.74 .353E+01 43.57 245984. 203294. 2587.28 8218.5 .00335 .89 
.51 AC 24.1 21.89 .251E+01 34.39 194114. 160426. 1838.72 6486.3 .00382 .97 
.51 AC 23.9 16.55 .161E+01 25.99 146776. 121303. 1178.99 4903.3 .00429 1.03 
2.00 AC 24.0 14.02 .176E-02 1.43 31741. 26233. 5.07 68.8 .00609 1.05 




TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CH 8V/D F DRAG RATIO 
.51 AC 24.1 14.02 .120E+01 22.03 124358. 102776. 883.72 4155.4 .00448 1.04 z.oo AC 23.9 11.59 .126E-02 1.18 26238. 21684. 3.63 56.8 .00638 1.05 1.00 AC 23.9 11.59 .347E-01 4.73 524 76. 43369. 49.81 455.1 .00546 1.05 
.51 AC 24.0 11.59 .862E+OO 18.21 102797. 84956. 630.77 3434.5 .00468 1.04 2.00 AC 24.0 9.20 .821E-03 • 93 20825. 17211 • 2.35 45.1 .00656 1.02 1.00 AC 24.0 9.20 .232E-Ol 3.75 41651. 34422. 33.38 361.2 .00581 1.06 
.51 AC 24.0 9.20 .563E+OO 14.45 81590. 67430. 411.91 2725.9 .00485 1.03 2.00 AC 24.0 1 • a 4 • 6 o 8 e-o 3 .eo 17750. 14670. 1.74 38.4 .00669 1.00 1.00 AC 24.0 7.84 .176E-01 3.20 35501. 29340. 25.37 307.9 .00608 1.07 
.51 AC 24.0 7.84 .436E+OO 12.31 69543. 57474. 318.99 2323.5 .00517 1.06 
1.00 AC 24.0 5.56 .988E-02 2.27 25165. 20798. 14.17 218.2 .00676 1.10 
.51 AC 24.0 5.56 .252E+OO 8.73 49297. 40742. 184.78 1647.0 .00596 1.13 2.00 AC 24.0 31.17 .738E-02 3.18 70537. 58296. 21.19 152.9 .00514 1.06 
1.00 AC 24.1 31.17 .199E+OO 12.73 141075. 116592. 286.51 1223.7 .00434 1.03 2.00 AC 23.9 37.94 .108E-01 3.87 85882. 70977. 31.12 186.2 .00510 1.09 1.00 AC 24.0 37.95 .280E+OO 15.50 171764. 141955. 402.98 1489.7 .00412 1.02 2.00 AC 24.1 47.21 .151E-Ol 4.82 106814. 88276. 43.48 231.6 .00460 1.03 
1.00 AC 24.1 47.21 .413E+OO 19.28 213628. 176553. 593.62 1853.1 .00392 1.01 ··---- .... 24.0 59.39 .222E-01 6.06 134409. 111082. 63.73 291.4 .00426 1.00 2.00 AC 
1.00 AC 24.1 59.40 .623E+OO 24.26 268818. 222165. 894.31 2331.8 .00373 1.01 
2.00 AC 24.0 71.73 .317E-01 7.32 162314. 134144. 90.99 351.9 .00417 1.02 2.00 AC 24 .o 26 .a 2 • 579E-02 2.73 60693. 50160. 16.63 131.6 .00545 1.09 
2.00 AC 24.1 55.15 .193E-01 5.63 124797. 103139. 55.41 270.6 .00430 1.00 
2.00 AC 24.0 73.99 .333E-01 7.55 167430. 138373. 95.67 363.0 .00412 1.01 
RUN 26 - 5000 PPM PIB L-80 IN BENZENE 
TUBE SECT TEMP GPM P sr /FT FT/SEC N-RES GEN-RE DYNES/SQ CM BV/0 F DRAG RATIO 
2.00 AC 24.0 14.02 .188E-02 1.43 31728. 22631. 5.42 68.7 .00650 1.12 
1.00 AC 24.0 14.02 .502E-01 5.72 63456. 45262. 12.05 550.3 .00540 1.09 
.51 AC 24.0 14.02 .122E+Ol 22.02 124303. 88664. 897.04 4153.1 .00455 1.05 
2.00 AC 24.1 11.47 .134E-02 1.17 25967. 18521. 3.85 56.3 .00690 1.13 




TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
.51 AC 23 .9 11.47 .886E+OO 18.01 101734. 72565. 648.26 3398.6 .00491 1.09 2.00 AC 24.0 9.08 . 860 E-03 .92 20564 . 14668. 2.46 44.5 .00705 1.09 1.00 AC 23.9 9. 08 • 2 42 E-O 1 3.71 41128. 29336. 34.83 356.6 .00622 1. 13 
.51 AC 24.0 9.08 .590E+OO 14.27 8056 7. 57467. 431.48 26 91 • 8 • 00 5 21 1.10 2.00 AC 24.1 7.82 .627E-03 • 79 1 76 98 • 12624. 1.80 38.3 .00694 1. 04 
.51 AC 24.1 1.82 .450E+OO 12.28 69340. 49459. 329.27 2317.0 .00537 1.10 1.00 AC 24.0 5 .50 .994E-02 2.24 24908. 17766. 14.26 216.0 .00694 1.13 
.51 AC 24 .o 5.50 .361E+OO 8.64 48792. 34802. 264.25 1630.1 .00870 1.65 
.51 AC 24.1 24.19 .297E+Ol 37.99 214473. 152980. 2172.80 7166.6 .00370 . 96 2.00 AC 23.9 24.18 .532E-02 2.47 54743. 39047. 15.27 118.6 .00616 1.20 1.00 AC 24.1 24.19 .142E+OO 9.88 109486. 78Q95. 203.92 949.7 .00513 1.16 
.51 AC 24.1 21.82 . 259E+Ol 34.21 193446. 137982. 1900.23 6464.0 .00398 1.01 2.00 AC 23.9 19 . 12 .305E-02 1.95 43283. 30873. 8.75 93.8 .00565 1.04 
1.00 AC 23.9 19.12 .835E-01 7.81 8656 7. 6174 7. 119.84 750.7 .00483 1.04 
• 51 AC 23.9 19.12 .210E+01 30.03 169577. 120956 • 1535.77 5665.0 .00418 1.03 
.51 AC 24.0 16.52 .166E+01 25 . 95 146497. 104494. 1214.77 4894.5 .00444 1.06 2.00 AC 24.0 30.92 .763E-0 2 3.15 69970. 49908. 21.92 151.7 .00541 1. 11 1.00 AC 23.9 30.91 .204E+OO 12.62 139940. 99817. 292.87 1213.6 .00451 1.07 2.00 AC 23.9 37.40 .104E-01 3.81 84645. 60376. 29.98 183.5 .00505 1.08 
1.00 AC 24.0 37.40 .281E+OO 15.27 169290. 120752. 404.45 1468.3 .00426 1.05 
2.00 AC 24.0 46.65 .l56E-Ol 4.76 105574. 75304. 44.87 228.9 .00486 1.09 
1.00 AC 24.1 46.66 .423E+OO 19.06 211148. 150608. 607.45 1831.6 .00411 1.06 
2.00 AC 24.1 59.81 .226E-01 6.10 135339. 96535. 64.86 293.5 .00427 1.01 
1.00 AC 24 .1 59.81 .645E+OO 24.43 270678. 193070. 926.67 2348.0 .00382 1.03 
-· - ·-· .. 2.00 AC 24.1 74.41 .357E-01 7.59 168360. 120088. 102.50 365.1 .00437 1.07 
RUN 27 - 9000 PPM PIS L-80 IN BENZENE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
2.00 AC 24.0 13.95 .203E-02 1. 42 31572. 16022. 5.83 68. 4 .00706 1. 21 
1.00 AC 24.0 13.95 . 540E- Ol 5.69 63145. 32045. 77.56 547.6 .00587 1.18 
.51 AC 24.0 13.95 .l30E+01 21.91 123696. 62773. 951.87 4132.8 .00487 1.13 




TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONTI 
. 
TUB E SECT TEMP GPM PSI/FT FT/SEC N-RES GEN- RE DYNES/SO CM 8VID F DRAG RATIO 1.00 AC 24.1 11 . 49 .387E-Ol 4.69 52011. 2 63 95. 55.59 451.1 .00620 1.19 
. 51 AC 23 . 9 11.49 . 948E+OO 18 . 04 101886 . 51705. 693 . 78 3403.6 . 00524 1. 16 2. 00 AC 23.9 9.12 .942E-03 • 93 20657 • 10483. 2.10 44.7 .00766 1. 19 1. 00 AC 24 . 0 9 . 12 . 258E-01 3. 72 41314. 20966. 37.03 358 . 3 .00655 1. 20 
.51 AC 24.0 9.12 .621E+OO 14.33 80931. 41071. 454 . 27 2704 . 0 . 00544 1. 15 2 .00 AC 24 . 0 1 • 1 1 • 1 09 E-o 3 .78 17466. 8863. 2. 03 37.8 .00806 1.20 
.5 1 AC 24 . 0 7 . 71 .475E+OO 12. 12 68429 . 34726. 347 . 94 2286 . 2 .00582 1.19 1.00 AC 24 . 0 1 • 11 • 19 6 E-o 1 3.15 34932. 17727. 28.19 302.9 .00698 1.23 1.00 AC 24.0 7.71 .199E-01 3. 15 34932 . 17727. 28.62 302.9 . 00708 1.25 1. 00 AC 24 . 0 5.48 . 109E-01 2.23 24804. 12587. 15 . 70 215.1 .00771 1. 25 
. 51 AC 24.0 5. 48 .268E+OO 8.60 48589. 24658 . 196. 18 1623.4 . 00651 1.23 
. 51 AC 24.0 27 . 91 .372E+01 43.84 247502. 125602. 2720.70 8269.2 . 00348 . 9 2 2 . 00 AC 23.9 24. 93 . 560E-02 2.54 56430. 28637 . 16.07 122.3 .00610 1.19 
1.00 AC 24.0 24.93 . 150E+OO 10.18 112860. 57274 • 215 . 86 978 . 8 . 00512 1.16 
• 51 AC 24 . 0 24. 93 .320E+Ol 39 . 16 221082 . 112194. 2341.71 7386 . 5 . 00375 . 97 
.51 AC 24 . 0 22.54 . 280E+01 35 . 39 199824. 101407 . 2050 . 53 6676 . 2 . 00402 1.02 
2.00 AC 23.9 19 . 37 . 349E-02 1. 9 7 43841 . 22248. 10.02 95 . 0 . 00630 1.1 7 
1.00 AC 23.9 19 . 37 . 917E-Ol 7 . 91 87683. 44497 . 131.69 760.4 . 00517 1.11 
. 51 AC 24 . 1 19.37 . 221E+01 30.43 171763. 87166. 1622.06 5739 . 4 .0043 1 1.06 
. 51 AC 24.0 16.57 .176E+01 26 . 03 146983. 74591. 1289 . 59 4910.8 . 00468 1.12 
2 .00 AC 24 . 0 31 . 25 .811E-02 3. 19 70731. 35894. 23 . 29 153 . 3 .00562 1. 16 
1.00 AC 24.0 31.25 . 223E+OO 12.76 141463. 71789. 320.90 1226.9 . 00484 1. 15 
2.00 AC 24.0 38 . 13 . 110E-01 3. 89 86298. 43795. 31.77 187.1 . 00515 1. 11 
1.00 AC 24 . 0 38 . 13 . 291E+OO 15 . 57 172597. 87590. 418.49 1497.0 . 00424 1.05 
2 .00 AC 24.1 45.90 .163E-01 4.68 103868. 52711. 46.89 225.2 .00525 1. 17 
1. 00 AC 24.0 45. 90 .436E+OO 18 . 75 207737. 105422 . 626.16 1801 . 8 • 00438 1. 12 
2.00 AC 24 . 0 59. 74 . 248E-Ol 6.10 135184 . 68603 . 71.17 293.1 .00470 1. 11 
1.00 AC 24.1 59.74 . 671E+OO 24.40 270368. 137207 . 964.03 2345.3 . 00398 1.07 
2.00 AC 24.0 71 . 52 . 337E-Ol 7. 30 161849. 82135 . 96 . 94 350.9 . 00447 1. 09 
2.00 AC 24.1 54 . 06 .214E- 01 5. 52 122317 . 62073. 61.54 265 . 2 • 00497 1.15 




TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
RUN 28 - RECHECK OF TOLUENE AFTER BENZENE RUNS 
TUBE SECT TEMP GPM PSI/FT FT /SEC N-RES GEN-RE OYNES/SQ CM 8V/O F DRAG RATIO 
z.oo AC 30.1 19.31 .285E-02 1.97 50438. 50438. 8.2o 94.7 .00530 1.01 
1.00 AC 30.0 19.30 .774E-01 7.88 100876. 100876. 111.19 757.9 .00449 1.00 
.51 AC 30.0 19.30 .199E+Ol 30.32 197606. 197606. 1459.88 5719.0 .00399 1.01 
z.oo AC 30.0 26.14 .472E-02 2.67 68301. 68301. 13.57 128.2 .00478 .98 
1.00 AC 30.1 26.14 .131E+OO 10.68 136603. 136603. 188.78 1026.4 .00415 .98 
.51 AC 30.0 26.14 .341E+01 41.06 267591. 267591. 2498.13 7744.4 .00372 1.00 
RUN 29 - 40 PPM PHH G IN TOLUENE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
2.00 AC 30.0 20.00 .287E-02 2.04 52265. 51964. 8.24 98.1 .00496 .95 
1.00 AC 30.0 20.00 .803E-01 8.17 104531. 103929. 115.26 785.3 .00433 .97 
.51 AC 30.1 20.01 .21BE+01 31.42 204765. 203586. 1599.07 5926.8 .00407 1.04 
2.00 AC 29.9 25.21 .468E-02 2.57 65880. 65500. 13.43 123.7 .00509 1.03 
1.00 AC 29.9 25.21 .130E+OO 10.30 131760. 131001. 186.89 989.8 .00442 1.04 
.51 AC 30.1 25.22 .323E+01 39.61 258105. 256618. 2367.11 7470.7 .00379 1.01 
.51 AC 30.0 25.21 .325E+01 39.60 258105. 256618. 2378.48 7469.9 .00381 1.02 
RUN 30 - 150 PPM PHHA G IN TOLUENE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM 8V/O F DRAG RATIO 
2.00 AC 29.9 22.52 .387E-02 2.30 58844. 57577. 11.11 110.5 .00528 1.04 
1.00 AC 30.0 22.52 .106E+OO 9.20 117688. 115154. 152.98 884.2 .00454 1.04 
.51 AC 30.0 22.52 .259E+Ol 35.37 230540. 225575. 1900.84 6672.1 .00381 1.00 
2.00 AC 29.9 20.20 . 299E-02 2.06 52777. 51640. 8.58 99.1 .00507 .98 
1.00 AC 29.9 20.20 .816E-Ol 8.25 105554. 103281. 117.20 792.9 .00432 .97 
.51 AC 30.1 20.20 .214E+Ol 31.73 206770. 202317. 1570.29 5984.8 .00392 1.00 
z.oo AC 30.0 26.51 .479E-02 2. 70 69261. 67769. 13.75 130.0 .00471 .96 
1.00 AC 30.0 26.51 .131E+OO 10.83 138522. 135538. 188.53 1040.7 .00404 .95 




TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
. 
RUN 31- 500 PPM PMMA G IN TOLUENE 
TUBE SECT TEMP GPM PSI I FT FTISEC N-RES GEN-RE DYNESISQ CM 8VID F DRAG RATIO 
2.00 AC 29.9 20.34 .324E-02 2.07 53142. 49483. 9.32 99.8 .00542 1.05 
1.00 AC 29.9 20.34 .897E-01 8.30 106285. 98966. 128.80 798.4 .00468 1.05 
.51 AC 30.0 20.34 .213E+Ol 31.94 208202. 193865. 1562.24 6025.6 .00384 .99 
2.00 AC 29.9 25.35 .463E-02 2.58 66245. 61684. 13.29 124.4 .00498 1. 01 
1.00 AC 29.9 25.35 .136E+OO 10.35 132491. 123368. 195.98 995.3 .00459 1.08 
.51 AC 30.0 25.35 .307E+01 39.82 259537. 241665. 2248.33 7511.3 .00356 .95 
.51 AC 30.0 25.63 .315E+01 40.26 262401. 244332. 2303.06 7594.2 .00357 .96 
RUN 32 - 1000 PPM PMMA G IN TOLUENE 
TUBE SECT TEMP GPM PSI I FT FT/SEC N-RES GEN-RE OYNESISQ CM 8VID F DRAG RATIO 
2.00 AC 30.0 19.47 .305E-02 1.98 50876. 44202. 8.75 95.5 .00556 1.06 
1.00 AC 30.0 19.47 . 867E-01 7.95 101753. 88404. 124.44 764.4 .00494 1.10 
.51 AC 30.0 19.47 .192E+01 30.58 199324. 173176. 1405.85 5768.7 .00377 .96 
2.00 AC 29.9 25.42 .474E-02 2.59 66428. 57713. 13.61 124 •. 7 . • 00507 1.03 
1.00 AC 30.0 25.42 .129E+OO 10.38 132856. 115427. 185.22 998.1 .00431 1.01 
'- • ·-
.51 AC 30.0 25.42 .294E+01 39.93 260253. 226111. 2150.25 7532.0 .00338 .91 
.51 AC 30.0 22.35 .241E+Ol 35.10 228750. 198741. 1764.67 6620.3 .00359 .94 
.51 AC 30.0 17.37 .152E+Ol 27.28 177798. 154473. 1118.57 5145.7 .00377 .94 
.51 AC 30.0 28.50 .350E+01 44.76 291755. 253481. 2565.89 8443.8 .00321 .88 
2.00 AC 30.0 31.08 .664E-02 3.17 81208. 70554. 19.06 152.5 .00475 1.01 
1.00 AC 30.0 31.08 .184E+OO 12.69 162416. 141109. 264.64 1220.2 .00412 1.01 
2.00 AC 30.0 36.72 .941E-02 3.75 95942. 83355. 27.02 180.2 • 00482 1.06 
1.00 AC 30.1 36.73 .252E+OO 15.00 191884. 166711. 361.64 1441.8 .00403 1.02 
2.00 AC 30.0 46.31 .135E-Ol 4.72 120978. 105107. 38.83 227.2 .00436 1.00 
1.00 AC 30.1 46.31 .373E+OO 18.91 241956. 210215. 535.47 1818.0 .00376 .99 
2.00 AC 30.1 57.72 .195E-Ol 5.89 150766. 130987. 56.13 283.2 .00406 .98 
1.00 AC 30.1 57.72 .551E+OO 23.57 301532. 261975. 791.56 2265.7 .00357 .99 
2.00 AC 30.1 69.79 .280E-Ol 7.12 182289. 158376. 80.60 342.4 .00398 1.00 
2.00 AC 30.1 82.13 .380E-01 8.38 214544. 186399. 109.09 403.0 .00389 1.01 
2.00 AC 30.0 13.69 .12BE-02 1.39 35772. 31079. 3.69 67.1 .00475 • 84 N 
co 
0 
TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONTJ 
. 
RUN 31- 500 PPM PMMA G IN TOLUENE 
TUBE SECT TEMP GPM PSI I FT FT/SEC N-RES GEN-RE OYNESISQ CM 8VID F DRAG RATIO 
2.00 AC 29.9 20.34 . 324E-02 2.07 53142. 49483. 9.32 99.8 .00542 1.05 1.00 AC 29.9 20 .34 .897E-0 1 8.30 106285. 98966. 128.80 798.4 . 00468 1.05 
.51 AC 30.0 20.34 .213E+Ol 31.94 208202 . 193865 . 1562.24 6025.6 .00384 .99 
2.00 AC 29.9 25.35 .463E-02 2.58 66245. 61684. 13.29 124.4 . 00498 1.01 
1.00 AC 29.9 25 .35 .1 36E+OO 10.35 132491. 123368. 195.98 995.3 .00459 1.08 
.51 AC 30.0 25.35 .307E+Ol 39.82 259537 . 241665. 2248 .3 3 7511.3 .00356 .95 
.51 AC 30.0 25.63 .315E+01 40.26 262401. 244332. 2303.06 7594.2 .00357 .96 
RUN 32 - 1000 PPM PMMA G IN TOLUENE 
TUBE SECT TEMP GPM PSI I FT FTISEC N-RES GEN-R E DYNES/SO CM 8VID F DRAG RAT 10 
2.00 AC 30.0 19.47 .305E-02 1.98 50876. 44202. 8.75 95.5 .00556 1.06 
1.00 AC 30.0 19.47 . 867E-Ol 7.95 10 1753. 88404 . 124.44 764.4 .00494 1.10 
• 51 AC 30.0 19.47 .192E+0 1 30.58 199324. 173176 • 1405.85 5768.7 .00377 .96 
2.00 AC 29.9 25.42 .474E-02 2.59 66428 . 57713. 13.61 124 •. 7 .00507 1.03 
1.00 AC 30.0 25.42 .129E+OO 10.38 132856. 115427. 185.22 998.1 .00431 1.01 
.51 AC 30.0 25.42 .294E+01 39.93 260253. 22611 1. 2150.25 7532.0 .00338 .91 
.51 AC 30.0 22.35 . 241E+Ol 35.10 228750 . 198741. 1764.67 6620.3 .00359 .94 
.51 AC 30.0 17.37 .152E+01 27.28 177798. 154473. 1118.57 5145.7 .00377 .94 
.51 AC 30.0 28.50 .350E+01 44.76 291755. 253481. 2565.89 8443.8 .00321 .88 
2.00 AC 30.0 31.08 .664E-02 3.17 81208. 70554. 19.06 152.5 .0047 5 1.01 
1.00 AC 30.0 31.08 .184E+OO 12.69 162416. 141109. 264.64 1220.2 .00412 1.01 
2.00 AC 30.0 36.72 .941E-02 3.75 95942. 83355. 27.02 180.2 .00482 1.06 
1.00 AC 30.1 36.73 . 252E+OO 15.00 191884. 166711. 361.64 1441.8 .00403 1.02 
2.00 AC 30.0 46.31 .135E-Ol 4.72 120978. 105107. 38.83 227.2 .00436 1.00 
1.00 AC 30.1 46.31 .373E+OO 18.91 241956 . 210215. 535.47 1818.0 .00376 .99 
2.00 AC 30.1 57.72 .195E-01 5.89 150766. 130987. 56.13 283.2 .00406 .98 
1..00 AC 30.1 57.72 .551E+OO 23.57 301532. 261975. 791.56 2265.7 .00357 .99 
2.00 AC 30 .1 69.79 .280E-01 7.12 182289. 158376. 80.60 342.4 .00398 1.00 
2.00 AC 30.1 82 .13 .380E -01 8.38 214544. 186399. 109.09 403.0 .00389 1.01 




TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V/D F DRAG RATIO 
1.00 AC 30.1 13.69 .428E-Ol 5.59 71545. 62159. 61.44 537.5 .00493 1.0 2 
.51 AC 30.0 13.69 .107E+01 21.50 140150. 121764. 782.40 4056.1 .00425 1.01 
2.00 AC 30.0 11.29 .111E-02 1.15 29513. 25641. 3.19 55.4 .00604 1.0 2 
1.00 AC 30.0 11.29 .307E-Ol 4.61 59027. 51283. 44.16 443.4 .00521 1.03 
.51 AC 30.0 11.29 .763E+OO 17.74 115628. 100459. 557.99 3346.4 .00445 1.02 
2.00 AC 30.0 9.02 .724E-03 .92 23574. 20481. 2.07 44.2 .00615 .98 
1.00 AC 30.0 9.02 • 205E-O 1 3.68 47148. 40963. 29.43 354.2 .00544 1.02 
.51 AC 30.0 9.02 .513E+OO 14.17 923·59. 80243. 375.08 2673.0 .00469 1.02 
2.00 AC 30.0 7.67 .544E-03 .78 20041. 17411. 1.56 37.6 .00640 .98 
1.00 AC 29.9 7.67 .155E-01 3.13 40082. 34823. 22.28 301.1 .00570 1.03 
.51 AC 30.0 7.67 .387E+OO 12.04 78517. 68216. 283.11 2272.3 .00490 1.03 
1.00 AC 29.9 5.42 .856E-02 2.21 28325. 24609. 12.29 212.7 .00630 1.05 
RUN 33 - 2500 PPM PMMA G IN TOLUENE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
.51 AC 30.0 17.18 .148E+01 26.99 175888. 132248. 1089.35 5090.4 .00375 .93 
z.oo AC 30.0 19.64 .328E-02 2.00 51315. 38583. 9.43 96.3 .00589 1.13 
1.00 AC 30.0 19.64 .873E-01 8.02 i'02630. 77166. 125.32 771.0 .00489 1.09 
.51 AC 30.1 19.64 .181E+01 30.85 201042. 151161. 1330.10 5819.0 .00351 .89 
.51 AC 30.1 23.34 .233E+Ol 36.65 238845. 179585. 1710.42 6913.2 .00320 • 84 
2.00 AC 30.0 25.63 .478E-02 2.61 66976. 50358. 13.73 125.8 .00503 1.02 
1.00 AC 30.0 25.63 .141E+OO 10.47 133953. 100717. 203.39 1006.4 .00466 1.09 
.51 AC 30.1 25.64 .269E+01 40.26 262401. 197296. 1973.89 7595.0 .00305 .82 
.51 AC 30.0 28.68 .315E+01 45.04 293545. 220713. 2309.76 8495.6 .00286 • 78 
z.oo AC 30.0 31.65 .754E-02 3.23 82692. 62175. 21.64 155.3 .00520 1.11 
1.00 AC 30.0 31.65 .195E+OO 12.93 165385. 124351. 280.89 1242.5 .00422 1.03 
2.00 AC 30.0 37.82 .975E-02 3.86 98803. 74289. 27.98 185.5 .00471 1.04 
1.00 AC 30.1 37.82 .265E+OO 15.45 197607. 148578. 381.69 1484.8 .00401 1.02 
z.oo AC 30.0 47.36 .140E-01 4.83 123719. 93023. 40.18 232.3 .00431 1.00 
1.00 AC 30.1 47.36 .380E+OO 19.34 247439. 186046. 546.14 1859.2 .00366 .97 
2.00 AC 30.1 58.70 .208E-Ol 5.99 153324. 115282. 59.74 288.0 .00417 1.01 




TABLE XVII - FRIC TI ON FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
. 
TUBE SECT TEMP GPM PSI/FT FT /SEC N-RES GEN-RE DYNES/SQ CM 8V/0 F DRAG RAT ro 
2.00 AC 30.0 69 . 78 . 29 2E-0 1 7.12 182289. 137061. 83.89 342 . 3 .00415 1.04 z.oo AC 30.0 80.87 .388 E-01 8.25 211255. 158840 . 111.62 396 . 8 .00411 1.06 2.00 AC 30 . 0 13.65 . 171E-02 1.39 35681. 26828. 4.91 67 . 0 .00635 1.12 1.00 AC 30.1 13. 66 .446E-01 5.58 71362. 53656. 64.00 536.2 . 00 516 1.06 
.51 AC 30 . 0 13.65 . 107E+01 21 . 45 139792. 105107. 784 . 24 4045.7 .00428 1. 0 1 z.oo AC 30 . 0 11.29 . ll7E-02 1.15 29513. 22190. 3 . 36 55 . 4 .00635 1.07 1.00 AC 30.0 11.29 .322E-01 4.61 59027 . 44381. 46.34 443 . 4 .00546 1.08 
.51 AC 30.0 11.29 .780E+OO 17.74 115628. 86939. 570.35 3346.4 . 00455 1.04 z.oo AC 30.0 9.00 .758E-03 . 91 23513 . 17679. 2 .17 44. 1 • 0064 7 1. 04 1.00 AC 30.1 9 . 00 .214E-01 3.67 47026. 35358. 30.79 353.3 .00572 1. 08 
.51 AC 30.1 9.00 . 524E+OO 14.13 92 120 . 69264. 383.33 2666 . 3 . 00482 1.05 z.oo AC 30 . 0 7.71 .574E-03 .78 20163. 15160. 1.64 37.8 . 00666 1.03 
1.00 AC 30.0 1 • 1 1 • 16 2 e-o 1 3.15 40326. 30320. 23.32 302.9 . 00589 1. 07 
. 51 AC 30.0 7.71 .418E+OO 12.12 78995. 5 93 95. 305.83 2286 . 2 .00523 1. 10 
1.00 AC 30 . 0 5 . 47 .929E-02 2.23 28599. 21503. 13.34 214 . 8 .00670 1.12 
.51 AC 29 . 9 5.47 .220E+OO 8.59 56024. 42123. 161.18 1621 . 2 .00548 1. 07 
z.oo AC 30.1 28 . 37 .568E-02 2.89 74125. 55 734. 16.31 139.2 . 00488 1.0 1 
2.00 AC 30.0 55.82 .196E- 01 5.70 145831. 109649. 56.26 273 . 9 . 00435 1.04 z.oo AC 30.0 80.17 .385E-Ol 8.18 209427. 157466. 110.72 393.3 . 00415 1.07 
RUN 33A - 2500 PPM PMMA G AFTER DEGRADATION 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
. 51 AC 30.0 18.07 . 172E+01 28.38 185005 . 139103. 1261.47 5354.3 .00393 .99 
.51 AC 29.9 20 . 36 .210E+Ol 31 . 98 208489. 156760. 1539 . 53 6033.3 .00378 . 97 
.51 AC 30.0 23.50 . 263E+01 36.91 240564. 180877 . 1928.22 6962.2 .00355 .94 
.51 AC 30.0 25.79 . 303E+01 40.51 264012 . 198507. 2217 . 63 7640 .a . oo339 . 91 




TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
. 
RUN 34 - 4000 PPM PMMA G IN TOLUENE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
.51 AC 30.1 17.53 .154E+01 27.54 179463. 107325. 1132.12 5194.4 .00375 .93 
2.00 AC 30.0 20.42 .327E-02 2.08 53362. 31912. 9.39 100.2 .00542 1.05 
1.00 AC 29.9 20.42 .920E-Ol 8.34 106724. 63824. 132.14 801.7 .00477 1.07 
.51 AC 30.1 20.42 .193E+Ol 32.08 209061. 125026. 1415.32 6051.1 .00345 .89 
.51 AC 30.0 23.36 .234E+Ol 36.69 239132. 143009~ 1713.02 6920.8 .00319 • 84 
2.00 AC 30.1 26.20 .491E-02 2.67 68438. 40928 . 14.10 128.5 .00495 1.01 
1.00 AC 30.0 26.19 .138E+OO 10.70 136877. 81857. 198.03 1028.3 .00434 1.03 
• 51 AC 30.0 26.19 .276E+Ol 41.14 268128. 160350 • 2018.93 7760.0 .00299 .81 
.51 AC 29.9 28.94 .321E+01 45.45 296237. 177161. 2349.68 8572.6 .00285 • 78 
2.00 AC 30.0 32.48 .760E-02 3.31 84863. 50751. 21.83 159.3 .00498 1.07 
1.00 AC 30.1 32.49 .205E+OO 13.27 169727. 101503. 294.88 1275.3 .00420 1.04 
2.00 AC 29.9 37.77 .977E-02 3.85 98683. 59016. 28.05 185.3 .00473 1.05 
1.00 AC 30.0 37.77 .271E+OO 15.43 197366. 118032. 389.54 1482.8 .00411 1.04 
2.00 AC 30.0 47.64 .155E-Ol 4.86 124450. 74426. 44.49 233.7 .00472 1.09 
1.00 AC 30.0 47.64 .400E+OO 19.46 248901. 148852. 574.22 1870.0 .00381 1.01 
2.00 AC 30.0 59.43 .213E-01 6.06 155269. 92856. 61.14 291.6 .00417 1.0 l 
1.00 AC 30.1 59.44 .574E+OO 24.28 310537. 185713. 824.06 2333.3 .00351 .97 
2.00 AC 30.0 71.77 .301E-Ol 7.32 187498. 112130. 86.42 352.1 .00404 1.02 
1.00 AC 29.9 71.76 .772E+OO 29.31 374996. 224261. 1108.01 2817.1 .00324 .93 
2.00 AC 30.0 84.92 .4lOE-01 8.67 221854. 132677. 117.79 416.7 .00393 1.02 
RUN 35 - 5500 PPM PMMA G IN TOLUENE 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V/O F DRAG RATIO 
.51 AC 30.0 18.04 .158E+Ol 28.34 184718. 100006. 1158.65 5346.0 .00362 .91 
2.00 AC 29.9 20.22 .347E-02 2.06 52850. 28613. 9.97 99.2 .00587 1.13 
1.00 AC 30.0 20.23 .923E-01 8.26 105700. 57226. 132.55 794.1 .00487 1.09 
.51 AC 30.1 20.23 .188E+01 31.77 207057. 112099. 1377.74 5993.1 .00343 • 88 
.51 AC 30.1 23.33 .231E+01 36.64 238774. 129271. 1689.81 6911.2 .00316 .83 
.51 BC 30.1 23.33 .227E+Ol 36.64 238774. 129271. 1666.04 6911.2 .00311 • 82 




TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT CCONTJ 
. 
TUBE SECT TEMP GPM PSI/FT FT/SEC N-R ES GEN-RE OYNES/SQ CM 8V/D F 
1.00 AC 30. 1 25 . 0 1 .142E+OO 10.21 130663 . 70741. 204 . 28 981 . 8 .0049 1 
.51 AC 29 . 9 25.00 . 251E+0 1 39 . 27 255957 . 138574 . 1839 .58 7406 . 9 .00 299 
.5 1 AC 30 .1 25 .01 .259E+01 39 . 28 255957 . 138574 . 1897.41 7408.5 . 00309 
. 51 AC 30 . 0 28 . 74 .305E+01 45.13 294 132 . 159242 . 2235 . 32 8512.6 . 00275 
2.00 AC 30.0 32 . 31 .7 8 1E-02 3 . 29 84407 . 45697 . 22.42 158.5 . 00517 
1.00 AC 30 .1 32 .31 .216E+OO 13.20 168814. 91395 . 310.31 1268.4 . 00447 
2.00 AC 30.0 38 .1 5 .108E-01 3 . 89 99659. 53955. 31.13 187.1 .00515 
1.00 AC 30.1 38.15 .282E+OO 15.58 199318. 107910. 404.95 1497.6 . 00419 
2.00 AC 30 . 0 47 . 50 . 153E-01 4.85 124085. 67179. 43.96 233 . 0 . 00469 
1.00 AC 30.1 47.50 . 407E+OO 19.40 248170 . 134358. 584.92 1864.1 . 00390 
2.00 AC 29 .9 59.17 . 237E-01 6.04 154603. 83701. 68.14 290.3 .00468 
1.00 AC 30.1 59 .19 . 575E+OO 24.17 309207 . 167403. 825 . 39 2323.3 .00354 
1.00 AC 30 .1 70.42 .7 65E+OO 28.76 367869 . 199163 . 1098.45 2764.1 .00333 
2.00 AC 29 . 9 70 . 40 .326E-01 7.18 183934. 99581. 93.58 345.4 .00455 
z.oo AC 29 . 9 84.36 . 433E- 01 8 . 61 220392 . 119319. 124.50 413.9 .00421 
2.00 AC 30 .1 13 .74 .187E-02 1. 40 35909. 19441. 5.37 67.4 .00685 
1.00 AC 30.1 13. 74 .481E-01 5.61 71819. 38882. 69 . 03 539.6 .00550 
.51 AC 30.0 13.74 .1 10E+01 21. 58 140687. 76167. 810.05 4071.6 .00436 
2.00 AC 30.1 11.43 . 129E- 02 1.16 29879. 16176. 3.71 56.1 .00683 
1.00 AC 30 .0 11.43 . 35 1E-Ol 4.67 59758. 32352. 50.42 448.9 .00580 
.51 AC 30.0 11.43 . 821E+OO 17.96 117060. 63376. 600.29 338 7.8 .00467 
z.oo AC 29 . 9 9.09 . 853E-03 • 92 23757 • 12862. 2 . 44 44.6 .00713 
1.00 AC 29 . 9 9 . 09 . 240E-01 3 .71 47514. 25724 . 34.45 356.9 .0062 7 
.51 AC 30.0 9.09 .558E+OO 14 . 28 93075. 50390. 408.12 2693.7 .00502 
2.00 AC 30.0 7.69 . 643E- 03 .78 20102. 10883. 1.84 37.7 .00752 
1.00 AC 30.1 7.69 • 179E-0 1 3.14 40204. 21766. 25 . 74 302 .0 .00654 
.51 AC 30.1 7.69 .425E+OO 12.08 78756. 42638. 311.00 2279.5 .00535 
1.00 AC 30 . 1 5.52 . 102E-O 1 2 . 25 28873. 15632. 14.70 216.9 .00725 


































TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONTJ 
RUN 36 - 7000 PPM PMMA G IN TOLUENE 
TUBE SECT TEMP GPM PSI I FT FT/SEC N-RES GEN-RE DYNES/SQ CM BV/0 F ORAG- RATIO 
.51 AC 30.0 17.62 .157E+01 27.68 180423. 78720. 1152.74 5221.7 .00378 .94 
z.oo AC 30.0 20.76 .329E-02 2.12 54239. 23665. 9.46 101.8 .00529 1.03 
1.00 AC 30.0 20.76 .970E-01 8.48 108478. 4 7330. 139.21 815.0 .00486 1.09 
.51 AC 29.9 20.76 .196E+01 32.60 212498. 
- - ·- ~ -
92715. 1438.06 6149.3 .00339 • 87 
.51 AC 30.1 22.42 .219E+01 35.21 229466. 100118. 1602.44 6641.8 .00324 .85 
z.oo AC 30.1 25.74 .566E-02 2.62 67250. 29342. 16.25 126.3 .00590 1.20 
1.00 AC 30.0 25.74 .l49E+OO 10 .51 134501. 58684. 214.67 1010.5 .00487 1.15 
• 51 AC 30.1 25.74 .264E+01 40.43 263475. 114956 • 1935.27 7626.1 .00297 • 80 
.51 AC 30.0 28.07 .293E+01 44.08 287288. 125346. 2147.20 8314.5 .00277 .76 
z.oo AC 30.0 31.56 .815E-02 3.22 82466 . 35980. 23.41 154.8 .00566 1.20 
1.00 AC 30.1 31.57 .209E+OO 12.89 164932. 71961. 301. 11 1239.3 .00455 1.11 
2.00 AC 30.0 37.17 .109E-01 3.79 97100. 42366. 31.45 182.3 .00548 1.21 
1.00 AC 30.0 37.17 .216E+OO 15.18 194201. 84 732. 397.34 1459.0 .00433 1.10 
z.oo AC 30 .0 46.10 .156E-01 4.70 120430. 52544. 44.95 226.2 .00509 1.17 
1.00 AC 30.0 46.10 .394E+OO 18.83 240860. 105089. 566.51 1809.6 .00401 1.06 
z.oo AC 30.0 57.61 .220E-01 5.88 150492. 65661. 63.30 282.6 .00459 1. 11 
1.00 AC 29 .9 57.60 .554E+OO 23.52 300983. 131322. 796.19 2261.1 .00361 
... -~ 
.99 
1.00 AC JO .l 69.09 .747E+OO 28.22 360924. 157475. 1072.39 2111.9 .00338 .96 
z.oo AC 29.9 69.07 .331E-01 7.05 180462. 78737. 95.10 338.9 .00480 1.20 
z.oo AC 30.0 81.71 .426E-01 8.34 213448. 93129 . 122.30 400.9 .00441 1.14 
2.00 AC 30.0 13.57 .189E-02 1.38 35452. 15468. 5.43 66.5 .00711 1.25 
1.00 AC 30.0 13.57 .493E-Ol 5.54 70905. 30936 . 70.85 532.7 .00579 1.19 
.51 AC 30.0 13.57 .109E+Ol 21.31 138897. 60602 . 801.06 4019.8 .00443 1.05 
RUN 37 - 9000 PPM PMMA G IN TOLUENE 
TUBE SECT TE 1~P GPM PSI/::i FT/SEC N-RES GEN-RE OYNES/SQ CM 8V/D F DRAG RATIO 
.51 AC 30.0 16.03 .l49E+C1 25.17 174695. 68906. 1094.30 4749.0 .00407 1.01 
2.00 AC 30.0 19.13 .410 E-02 1.9 5 53215 . 20990 . 11.77 93.8 . 00727 1. 41 
1.00 ·AC 29 . ~ 19.13 . l OO E+OO 7.81 106431 . 419!3') . 143 . 89 751.1 .00556 1.25 N 00 
.51 AC 30 . 0 19.13 .189::+01 30.05 20~!..'3q . 322;:) . 13 84.5 3 5667.6 .00361 .93 VI 
TABLE XVII - FRICTION FACTOR DATA TAKEN IN THE PIPE FLOW UNIT (CONT) 
. 
TUBE SECT TEMP GPM P Sl I FT FT /SEC N-RES GEN-RE DYNES/SO CM 8V /0 F 
.51 AC 30.1 21.84 .217E+01 34 . 30 238058 . 93899. 1590.79 6470.8 .00319 
2.00 AC 30.0 24. 28 .631E-02 2. 47 67524. 26634. 18. 11 119.1 . 00695 
1.00 AC 30.0 24.28 .1 58E+OO 9.91 135049. 53269. 226.87 953.0 .00544 
.51 AC 30.1 24.27 . 260E+01 38.12 264549. 104348 . 1906.33 7190.9 .00 309 
• 51 AC 30.0 26.52 .291E+01 41 . 66 289035 . 114007 • 2134.84 7857.2 . 00290 
2.00 AC 30.0 29.98 .931E-02 3.06 83380. 32888. 26.72 147.1 .00673 
1.00 AC 30.0 29.98 .225E+OO 12.24 166760. 65 776. 322.99 1176.8 . 00508 
2.00 AC 30 . 0 35.30 .l 20E-Ol 3.60 98197. 38732. 34.51 173.2 .00626 
1.00 AC 30 . 0 35 . 30 . 285E+OO 14.42 196394 . 71465. 409.53 1385.9 .00464 
2.00 AC 30 . 0 44.02 .171E-Ol 4.49 122440 . 48295. 49.21 216.0 .00574 
1.00 AC 30 . 1 44.02 .407E+OO 17.98 244880 . 96590 . 584.15 1727 .9 .00426 
2.00 AC 30.1 65 . 93 . 352E-Ol 6.73 183386. 72334. 101.11 323.5 .00526 
1.00 AC 30 . 1 65 . 93 .757E+OO 26 . 93 366772. 144669. 1086.39 2588 . 0 . 00353 
2.00 AC 29.9 54.71 . 257E-Ol 5. 58 152136. 60008. 73.94 268.4 .00559 
1.00 AC 30.1 54.69 .578E+OO 22.34 304273. 120017. 829.86 2147 .0 .00392 
2.00 AC 30.0 78 .19 . 470E-01 7.98 217468 . 85778. 134.97 383.6 .00499 
2.00 AC 30.0 73.53 . 430E-01 7.50 204493. 80660 . 123.46 360.7 .00516 























TABLE XVIII -FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCO METRY UNIT 
. 
RUN 1 - TOLUENE DATA IN THE THRUST TUBES 
TUBE MLS/MIN TEMP PSI/FT FT/ SEC N-RES GEN-RE OYNES/SQ CM BV F DRAG RATIO 
.01021 15. 25 30.0 .303E+02 15.77 2062. 2062. 856.43 1482 2 '~ . .00865 1.11 
.01021 12.87 30 .o .234E+02 13.31 1740. 1740. 661.04 125095 . .00937 1.02 
.01021 10.44 30.0 .188E+02 10.79 1412. 1412. 531.92 101476. .01146 1.01 
.01021 8.06 30.0 . 140E+02 8.33 1090. 1090. 397.32 78342. .01437 .97 
.01021 5.38 30 .0 .946E+0 1 5.56 727. 121. 267.01 52293. .02167 .98 
.01021 2.63 30 .o .471E+Ol 2.72 355. 355. 132.83 25563. .04512 1.00 
.01331 37.11 30.0 .540E+0 2 22.60 3852. 3852. 1986.07 163027. . 00977 .96 
.01331 33.38 30.0 .447E+0 2 20.33 3464. 3464. 1642.98 146641. .00999 .95 
.01331 31.10 30.0 .389E+02 18.94 3228. 3228. 1430.41 136625. .01001 .94 
.01331 27.39 30 .0 .300E+0 2 16.68 2843. 2843. 1103.18 120326. .00996 .89 
• 01331 24.65 30.0 .244E+02 15.01 2558 • 2558. 897.73 108289. .01000 • 87 
.01331 20.80 30.0 .150E+02 12.66 2159. 2159. 553.23 91376. .00866 .71 
.01331 17.98 30.0 • 118 E+02 10.95 1866. 1866. 433.64 78987. .00908 1.06 
.01331 13.54 30.0 .875E+Ol 8.24 1405. 1405. 321.87 59482. .01189 1.04 
.01331 9.15 30.0 • 590E+O 1 5.57 949. 949. 217.12 40196. .01757 1.04 
.01331 6.45 30.0 .393E+01 3.92 669. 669. 144.57 28335. .02354 .98 
• 01331 17.53 30.0 .. 121E+02 10.67 1819. 1819 • 447.14 77010. .00985 1.12 
.01331 16 . 42 30.0 .108E+02 10.00 1704. 1704. 396.99 72134. .00997 1.06 
.01331 14.15 30.0 .908E+01 8.61 1468. 1468. 333.76 62162. .01129 1.03 
.01331 11.66 30.0 .734E+O 1 7.10 1210. 1210. 269.92 51223. .01345 1.01 
.01331 9.10 30.0 • 565E+01 5.54 944 • 944. 207.63 39977. .01698 1.00 
.01331 7.89 30 .o .486E+O 1 4.80 818. 818. 178.71 34661. .01945 .99 
.01331 6.73 30.0 • 404E+O 1 4.0 9 698 • 698. 148.69 29565. .02224 .97 
.01331 4.53 30 .o .282E+01 2.75 470. 470. 103.89 19900. .03430 1.00 
.01331 3.17 30.0 .197E+01 1.93 329. 329. 72.48 13926. .04886 1.00 
.01338 18.92 30.0 • 127E+02 11.39 1952. 1952 • 471.38 81689. .00913 1.11 
.01338 16.80 30.0 .101E+02 10.11 1733. 1733. 374.16 72535. .00919 .99 
.01338 14.46 30 .o .859E+01 a. 10 1492. 1492. 317.61 62432. .01053 .98 
.01338 11.75 30.0 • 709E+O 1 7 .o 1 1212. 1212. 262.10 50731. .01316 .99 
.01338 9.20 30 .o .554E+01 5.53 949. 949. 204.97 397 22. .01679 .99 




TABLE XVIII -FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MIN TEMP PSI I FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
.01338 3.87 30 .o • 238E+01 2. 33 399. 399. 88 . 10 16 709. .04078 1.01 
.01338 27.26 30 . 0 • 306E+02 16.41 2813 . 2813. 1131 . 95 117698. .01056 .95 
. 01338 23 . 41 30.0 • 210E+02 14 . 09 2415. 2415. 776.00 10 1075. .00981 .84 
.01338 20 . 96 30.0 . 148E+02 12.62 2163. 2163. 548 . 03 90497 . . 00864 • 71 
.01338 17.89 30.0 .111E+02 10 . 77 1846. 1846. 41 1.58 77242 . .00891 1. 0 2 
• 01338 13.70 30 . 0 .820E+01 8. 24 1413 . 1413 • 302.90 59151. . 01118 . 98 
• 01338 10 . 75 30.0 .639E+Ol 6 . 47 1109. 1109 • 236 . 14 46414. .01416 .98 
• 01338 7.69 30 . 0 .466E+01 4 . 63 793. 793 • 172.42 33202 . . 02021 1.00 
.02325 47 . 65 30.0 .599E+01 9. 50 2830. 2830. 385 . 36 39231 . . 01072 . 96 
• 02 325 42 . 75 30.0 . 467E+O 1 8. 52 2539. 2539. 300.41 35197 • .01038 .90 
.02325 36.50 30 .o .300E+01 7 .28 2168. 2168. 193.35 30051. .00916 .76 
• 02325 31.40 30.0 . 213E+01 6 . 26 1865. 1865. 137.37 25852 • . 00880 1. 02 
.02325 25.95 30 .o .168E+01 5.17 1541. 1541. 108 . 22 21365. . 01015 . 97 
. 02325 20.81 30 . 0 .136E+01 4 . 15 1236 . 1236. 87 . 68 17133. . 01278 . 98 
. 02325 16 . 10 30.0 • 104E+O 1 3. 21 956 . 956. 67 .29 13255 • .01639 . 98 
. 02325 12 . 5 2 30 . 0 • 843E+OO 2. 49 743 • 743. 54 . 16 10308 . .02182 1.01 
.02325 6.50 30.0 • 436E+OO 1.29 386 . 386. 28 . 06 5351 • . 04195 1.01 
. 02322 34.37 30.0 • 469E+01 6 . 87 2044. 2044. 155 . 36 28426 • .00825 1. 05 
. 02322 3 1.06 30 . 0 • 423E+01 6 . 21 184 7. 1847. 140 . 26 25688 • . 009 12 1.05 
.02322 28.05 30 . 0 .376E+01 5. 61 1668 . 1668 . 124.85 23199. .00996 1.03 
.02322 25 . 02 30 . 0 • 331E+01 s.oo 1488. 1488. 109.77 20693 • . 01101 1. 02 
. 02322 21.84 30 . 0 • 283E+01 4.36 1299. 1299. 93.97 18063 • .01236 1.00 
. 02322 18.79 30 . 0 • 242E+O 1 3. 75 1117. 1117 . 80 . 16 15540. . 01425 .99 
. 02322 15.50 30.0 • 201 E+O 1 3.10 922. 922. 66 . 88 12819 • .o 174 7 1.00 
. 02322 12 . 76 30 . 0 • 163E+Ol 2 . 55 759. 759 . 54 . 08 10553 • .02085 . 98 
. 02322 9.52 30.0 .123E+01 1. 90 566 . 566. 40 . 86 7873. . 02830 1.00 
. 03253 47.38 30 . 0 . 323E+01 4 . 82 2011. 20 ll . 74 . 83 14247. .00806 1. 01 
.03253 42.81 30 . 0 . 287E+01 4.36 1817 . 181 7. 66 . 52 12873 . .00878 .99 
. 03253 37 . 48 30 .o . 252E+0 1 3.82 1591 . 1591 . 58.47 11270. .01007 1. 00 
. 03253 33 . 25 30 . 0 . 221E+01 3.38 1411 . 1411 . 51 . 21 9998. .o 1120 .98 
. 03253 28 . 36 30.0 .189E+O 1 2.89 1204 . 1204. 43 . 94 8528. . 01322 . 99 
. 03253 25.18 30.0 • 168 E+O 1 2. 56 1069 . 1069. 39.06 7571. .01490 .99 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
~ 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM 8V /D F DRAG RATI O 
.03253 18.85 30.0 • 126E+O 1 1.92 800. 800. 29.29 5668. .01994 .99 
.03253 15.64 30.0 .105E+01 1.59 664. 664. 24.43 4703. .02416 1.00 
.03253 10.89 30.0 .738E+OO 1.10 462. 462. 17.10 3274. .03489 1.00 
.03282 46.64 30.0 .150E+01 4.66 1962. 1962. 70.61 13655. .00813 .99 
.03282 41.80 30.0 .134E+01 4.18 1759. 1759. 62.78 12238. .00900 .99 
.03282 36.50 30.0 .118 E+O 1 3.65 1536. 1536. 55.56 10686. .o 1045 1.00 
.03282 31.52 30.0 .101E+Ol 3.15 1326. 1326. 47.46 9228. .01197 .99 
.03282 26.40 30.0 .852E+OO 2.64 1111. 1111 . 39.93 7729. .01436 .99 
.03282 21.50 30.1 .691E+OO 2.15 904. 904. 32.35 6294. .01755 .99 
.03282 16.61 30.0 .534E+OO 1.66 699. 699. 25.03 4863. .02275 .99 
.03282 11.70 30.0 .377E+OO 1.17 492. 492. 17.69 3425. .03240 .99 
.03282 8.29 30 .o .276E+OO .83 348. 348. 12.94 2427. .04721 1.02 
.04646 16.38 30.1 .135E+OO • 81 486 . 486. 8.84 1691. . 03317 1.00 
• 04646 23.10 30.0 .l87E+OO 1.15 686. 686. 12.24 2385 • .02308 .99 
.04646 30.50 30.0 .253E+OO 1.52 906. 906 • 16.52 3149. .o 1787 1.01 
• 04646 36.77 30.0 • 300E+OO 1.83 1093. 1093 • 19.65 3796 • .01462 .99 
• 04646 43.48 30.0 • 356E+OO 2.17 1292. 1292. 23.25 4489 • .01237 .99 
.04646 50.85 30.0 • 410E+OO 2.54 1511. 1511. 26.78 5250 • .01042 .98 
.04624 57.00 30.0 • 998E+OO 2.87 1702. 1702. 32.85 5969 • .00998 1.06 
.04624 46.93 30.0 • 792E+OO 2.36 1402. 1402. 26.07 4915 • .o 1169 1.02 
.04624 41.86 30.0 • 700E+OO 2.11 1250. 1250. 23.06 4384 • .01299 1.01 .. -
.04624 36.85 30 .o .610E+OO 1.85 1100. 1100. 20.10 3859. .01461 1.00 
.04624 32.15 30.0 • 520E+OO 1.62 960. 960. 17.14 3367 • .01638 .98 
.04624 26.30 30.0 .435E+OO 1.32 785. 785. 14.33 2754. .02046 1.00 
.04624 21.43 30.0 .346E+OO 1.08 640. 640. 11.40 2244. .02453 
.98 
.04624 18.19 30 .o .293E+OO • 91 543. 543. 9.67 1905 • .02885 .98 
.04624 14.85 30.1 • 240 E+OO .74 443. 443. 7.92 1555 • .03550 .98 
.04624 11.63 30 .o • 191E+OO .sa 347. 347. 6.28 1218 • .04591 .99 
.04624 8.40 30.0 .141E+OO • 42 250. 250 • 4.66 879. .06528 1.02 
.06137 56.85 30 .o .145E+OO 1.62 1279. 1279. 12.81 2547. .01214 .97 
.06137 53.38 30.0 .136E+OO 1.52 1201. 1201. 12.03 2392. .01293 .97 
.06137 48.11 30.0 • 123E+OO 1.37 1083. 1083. 10.86 2156 • .01437 .97 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MIN TEMP P$1/FT FT/SEC N-RES GEN-RE OYNES/SQ CM BV/0 F DRAG RATIO 
.06137 39.68 30 .o .105E+OO 1.13 893. 893. 9.32 1778. • 01812 1.01 
.06137 36.30 30.0 .983E-01 1.04 817. B17. 8.65 1626. • 0 20 11 1.02 
.06137 31.50 30.0 .843E-O 1 .90 709. 709. 7.42 1411. .02291 1.0 1 
.06137 26.72 30 .0 .7 26E-01 .76 601. 601. 6.39 1197. .02741 1.03 
RUN 1 - PURE SOLVENT TOLUENE AT 30 DEGREES C 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V 10 F DRAG RATIO 
.06290 50.30 30.0 .242E+OO 1.37 1104. 1104. 10.86 2093. .01451 1.00 
.06290 35.69 30.0 .168E+OO .97 783. 783. 7.53 1485. .01999 .97 
.06290 29.49 29.9 .140E+OO • 80 647 • 647. 6.29 1227. .02445 .98 
.06290 24.70 30.0 • 118 E+OO .67 542. 542. 5.29 1028. .02933 .99 
.06290 18.45 30.0 .874E-01 • 50 405. 405. 3.91 767. .03886 .98 
.06290 13.20 30 .o .639E-01 .35 289. 289. 2.86 549. .05551 1.00 
.06290 10.07 30.0 .489E-01 .27 221. 221. 2.19 419. .07307 1.01 
.06290 6.70 30.0 .328E-01 .18 147. 147. 1.47 278. .11079 1.01 
• 06290 s.oo 30.0 .243E-Ol .13 109. 109 • 1.09 208 • .14745 1.01 
.01338 19.25 30 .o • 113E+02 11.59 1986. 1986 • 418.28 83114. .00782 .97 
.01338 39.10 30.0 • 583E+02 23.54 4035. 4035. 2153.26 168818. .00976 .98 
.01338 61.86 30.0 .133E+03 37.24 6384. 6384. 4930.38 267087. .00893 1.02 
.01338 68.11 30.0 .151E+03 41.00 7029. 7029. 5587.81 294072. .00835 .98 
.06290 178.00 30.0 .214E+01 4.85 3909. 3909. 95.82 7408. .01022 1.01 
.06290 228.00 30 .0 .326E+01 6.21 5007. 5007. 146.32 9489. .00951 1.01 
.06290 322.20 30.0 . 607E+01 8.78 7076. 7076. 271.82 13410. .00884 1.04 
.06290 402.00 30.0 .895E+01 10.96 8829. 8829. 400.89 16731. .00838 1.04 
.06290 481.30 30.1 • 121E+02 13.12 10570. 10570. 543.78 20032 • .00793 1.04 
.06290 544.50 30.1 • 151E+02 14.84 11958. 11958. 676.31 22662 • .00770 1.04 
.04624 109.10 30.0 • 361E+01 5. 50 3259. 3259. 119.08 11426 • .00987 .93 
.04624 221.90 29.9 • 128E+02 11.19 6629. 6629. 423.42 23240 • .00848 .98 
.04624 351.80 29.9 • 254E+02 17.74 10511. 10511. 836.87 36844 • .00667 .87 
.04624 370.70 30.0 • 323E+02 18.70 11074. 11074. 1063.46 38824 • .00764 1.01 
.04624 425.10 30.0 • 411E+02 21.44 12699. 12699 • 1354.23 44521. .00739 1.01 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM 8V/D F DRAG RATIO 
.04624 513.50 30.0 .571E+02 25.90 15340. 15340. 1880.22 53780. .00704 1.01 
.03253 106.30 30.0 .185E+02 10.83 4513. 4513. 429.55 31965. .00919 .95 
.03253 145.30 30.3 .327E+02 14.80 6167. 6167. 759.26 43692. .00870 .98 
.03253 210.60 30.0 .633E+02 21.46 8942. 8942. 1466.79 63328. .oo8oo 1. 00 
.03253 271.90 30.1 .100E+03 27.71 11543. 11543. 2328.87 81761. .00762 1.02 
.03253 323.50 30.1 .1 32E+03 32.97 13734. 13734. 3073.57 97278. .00710 .99 
.02322 81.50 30.0 .293E+02 16.30 4848. 4848. 973.42 67406. .00920 .97 
.02322 133.10 30.0 • 709E+02 26.63 7918. 7918. 2348.35 110083. .00832 1.01 
.02322 173.30 30.0 .113E+03 34.67 10309. 10309. 3744.46 143332. .00782 1.0 2 
• 02322 199.40 30.0 .142E+03 39.89 11862. 11862. 4729.83 164918 • .00746 1.01 
.10326 83.90 30.0 .l06E+OO .84 1122. 1122. 3.93 789. .01372 . 96 
.10326 55.27 29.9 .696E-O 1 .55 739. 739. 2.58 520. .02072 .95 
.10326 49.85 30.0 • 633E- O 1 .so 666. 666. 2.34 469 • .02319 .96 
.10326 43.16 30.0 • 531E-01 .43 577. 577 • 1.96 406. .02594 .93 
.10326 36.24 30.0 .455E-O 1 .36 484 . 484. 1.68 340. .03155 .95 
.10326 30.10 30.0 .379E-01 • 30 402. 402. 1.40 283. .03808 .95 
.10326 26.51 30.0 .333E-Ol • 26 354 • 354. 1.23 249. .04320 .95 
.10326 26.51 30.0 • 342E-Ol .26 354. 354 • 1.27 249. .04436 .98 
.10326 21.32 30.0 • 27 3E-O 1 • 21 285 • 285. 1.01 200 • .05465 .97 
.10326 16.26 30.0 • 212 E-O 1 • 16 217 • 217. .. 78 152 • .07311 .99 
.10326 11.51 29.9 • 158 E-O 1 .11 154. 154 • .58 108. • 10866 1.04 
.10326 6.43 30.1 • 100E-Ol .06 86 • 86. .37 60. .22086 1.18 
.10326 4.70 30.0 .783E-02 .04 62. 62. .29 44 .. .32243 1.26 
.10326 1.31 30.0 .385E-02 • 01 17 • 17. .14 12. 2.04082 2.23 
.10326 556.60 30.0 .266E+Ol 5.63 7447. 7447. 98.61 5237. .00781 .93 
.10326 490.30 30.0 • 213E+O 1 4.96 6560. 6560. 79.14 4613. .00807 .93 
.10326 408.70 29.9 .156E+01 4.13 5468. 5468. 57.91 3845. .00850 .93 
.10326 326.70 29.9 .105E+Ol 3.30 4371. 4371. 39.06 3073. .00898 .92 
.10326 244.90 30.0 .628E+OO 2.47 3276. 3276. 23.29 2304. .00953 .89 
.10326 163.50 30.0 .239E+OO 1.65 2187. 2187. 8.88 1538. .00815 .67 
.00963 11.98 30 .o .313E+02 13.91 1717. 1717. 848.90 138589. .o 1102 1.18 
.00963 u.o 1 30.0 .268E+02 12.78 1578. 1578. 726.17 127367. .01116 1.10 




TABLE XVIII -FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT CCONTI 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V /D F DRAG RAT I 0 
.00963 8.49 30 .o .l90 E+02 9. 86 1216. 1216 . 5 16 . 64 98 215 • • 01335 1.01 
.00963 7.00 30 .o .157 E+0 2 8.13 100 3. 1003. 426.03 80978 . . 01619 1. 0 1 
.00963 5 . 94 30.0 .l 32E+02 6.89 851. 851. 357.40 68716. . 01887 l . 00 
.00963 5 .o l 30.0 • 110E+02 5 . 81 718. 718 . 299.69 57957. . 02224 .99 
.00963 4.02 30.0 • 883E+Ol 4.66 5 76 • 576 . 238.99 46504. . 02755 . 99 
.00963 2 . 98 30. 1 .6 53 E +0 l 3.46 42 7. 427 . 176.84 34473. . 03710 .99 
.00963 1. 9 5 30 . 0 .424E+01 2.26 279. 279. 114.90 22558. . 05629 .9 8 
RUN 4 - 4600 PPM POLYSTYRE NE 240000 IN TOLUENE 
TUBE MLS/foot[N TEMP PSJ/FT F T/ SEC N-RE S GEN-RE OYNES/SO CM 8V /0 F ORAG R A Tf 0 
• 10326 55.90 30 . 0 .700E-0 1 .56 74 7. 516. 2.59 525 • .02037 .95 
.10326 36.79 30 .o • 45 3E -01 .37 492. 339. 1. 68 346. • 0 30 48 • 9 3 
.10326 25.79 29.9 . 316E- 01 . 26 345. 238 . l. 17 242. .04327 .9 3 
.10326 19. 87 29 . 9 • 2 3 SE -o l • 20 265 • 183. . 87 186 • .05422 • 9 () 
.10326 16. 6 1 30 .o • 198E-01 • 16 222 . 153 . .73 156 • . 06551 • 9 1 
.04624 307 . 60 30 .o . 246E+02 1 5. 51 9189. 6346. 809.99 32215 . . 0013 45 1. 06 
• 04624 342.70 30 .. 0 • 29 7E+0 2 1 7. 2 9 1023R . 7070 • 979 . 9A 35 8 9 1 • . 00823 1. 0 7 
.04624 393 . 80 30.0 . 377E+02 1 q . 86 11764. 8124. 1241.SS 41 243. .00790 1. 0 6 
.04624 395 .40 30.0 .392 E•02 19 . 94 11812. 815 7. 1290.31 41411. .00814 1. 10 
.04624 480.40 )f) . o • 516E•02 24.23 14351. 991 1 • 1764.47 50313. . 00754 1. 0 7 
.04624 430 . 60 30 . o . 442E+02 2 1. 72 12864. 8884. 1457.27 45097. • 00 7 7 6 1.07 
.Oit624 405.60 30 . o . 395E•02 20 . 46 12117 . 8368. 1302.81 42479 . . 00781 1.06 
.04624 42.51 29.9 . 7.?5E+OO 2. 14 1270. 877. 23.87 4452. • 0 1304 1 • () 3 
.Olt624 29 .4 1 29 . '"I . 50 4E+OO 1. 48 878. 606. 16.61 3080 . .01896 1. 0 4 
.04624 23 . 57 30 . o • 3.q ~>E +00 1 • l 8 704. 486. 12. 71 2468. .02 261) . 99 
.O~t624 15.53 )() . 0 . ?BlE+OO • 78 461. 32(). 9 . 25 16 2~ • .03790 l. () 9 
. 06290 544. 10 29 . 9 . 154E+O l 14.83 llQS 2 . 82S4. 691 . 79 22646 . .007~9 1 .I) 7 
.06290 507.30 29 . 9 . 13S E+02 1 3 . 8 3 11143 . 76Q6. 606.57 21114. . 00796 1. 0 , 
.06290 462 . 50 29.9 .119 ~ •0 2 1 2. ~ l 10159. 7016 . 535.17 19249. .00~45 1. 0Q 
.06290 398.10 )C) . 0 . 896E•OI l •I . B) 8 7 4 3. 6038. 401.14 16569. . 00855 1 . I)".> 
. 06290 51. 54 ?.9 . 9 . l.hS E•OO 1. 4~ 1 l 3 2 . 7 81 • 1 1 • A 7 1.145. . 01~10 l. I), 
.06290 36 . 19 /9 . q .1 86E +OO . 98 794 . 549. 8.3 2 l s 01). . 02 148 1 • 01-, 
TABLE XVIII -FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONTJ 
. 
TUBE ML S/MIN TEM P PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V/D F DRAG RATIO 
.06290 28.15 30.0 .142E+OO • 76 618. 427. 6.39 1171. .02726 1.05 
.03253 25.96 30.0 .178 E+O 1 2.64 ll02. 761. 41.31 7806. .01483 1.02 
.032 53 16.98 30.0 .117E+O 1 1. 73 720. 497. 27.24 5105. .02286 1.03 
.02322 20.84 30.0 .278E+01 4.16 1239. 856. 92.12 17236. .01331 1.03 
.02322 12. 83 30.0 .169E+Ol 2.56 763. 527. 56.03 10611. .02137 1.01 
.01331 10.52 30 . o . 689E+01 6.40 1091. 754. 253.31 46215. .01550 1.05 
.01331 7.67 30 . o • 490 E+O 1 4.67 796. 549. 180. 24 33695 . .02075 1.03 
.00963 3.55 30.0 .770E+01 4.12 508. 351. 208.54 41067. . 03082 .98 
.00963 6.10 30 .o .133E+02 7.08 874. 603. 359.77 70567. .01801 .98 
.00963 8.22 30.0 .184E+O 2 9.54 ll78. 813. 498.25 95091. .01373 1.01 
RUN 5 - 9400 PPM POLYSTYRENE 240000 IN TOLUENE 
TUBE ML S/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CH 8V/O F DRAG RATIO 
• 06290 550.00 30.0 .l8 3E +0 2 14.99 12080 • 5924. 821.34 22891. .00917 1.24 
• 06290 484.00 30.1 • 148 E+02 13.19 10629 • 5213 • 663.35 20144. .00957 1.25 
.06290 404.50 30.1 • 108E+02 11.03 8883. 4356. 486.46 16835. .01004 1.26 
.06290 51.66 30 .0 .522E+OO 1.40 1134. 556. 23.39 2150. .02962 2.10 
• 06290 36.15 30.0 .368E+OO .98 794. 389 • 16.50 1504. .04267 2.11 
• 06290 27.90 30.0 .285E+OO .76 612. 300 • 12.77 1161. .0554 7 2.12 
.04624 509.00 30 .0 • 636E+02 25.68 15206 • 7457. 2096.38 53308. .00798 1.15 
• 04624 458.00 30.0 . 534E+02 23.10 13682. 6710 • 1758.18 4796 7. .00827 1.16 
.04624 431. 00 30 .o .487E+02 21.74 12876. 6314. 1605.22 45139. .00853 1.17 
.04624 374.00 30.1 .379E+02 18.86 11171. 5479. 1248.91 39169. .00881 1.17 
.04624 328. 00 30.0 • 300E+02 16.54 9798. 4805. 987.78 34352 • .00906 1.16 
.04624 42.75 30.0 .152E+01 2.15 1277. 626. 50.31 4477. .02718 2.16 
.04624 29.42 30 .0 • 105E+0 1 1.48 878 • 431. 34.78 3081. .03967 2.17 
.04624 24.51 30.1 .878E+OO 1.23 732. 359. 28.92 2566. .04754 2.17 
.04624 15.63 30.0 .589E+OO .78 466. 229. 19.40 1636. .07844 2.28 
.03253 24.03 30.1 .321E+01 2.44 1020. 500. 74.39 7225. .03117 1.98 
.03253 17.59 30.1 .239E+01 1.79 746. 366. 55.36 5289. .04329 2.02 
.03253 11.36 30.0 .155E+01 1.15 482. 236. 35.96 3416. . 06744 2.03 





TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MlN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM 8V/O F DRAG RATIO 
.02322 14.42 29.9 .400E+Ol 2.88 857. 420. 132.76 11926. .04008 2.14 
.02322 6.48 29.9 .183E+01 1.29 385. 189. 60.72 5359. .09079 2.18 
.01331 7.50 30.0 .991E+01 4.56 778. 381. 364.29 32948. .04387 2.13 
.01331 10.33 30 .o .135E+02 6.29 1072. 525. 497.48 45380. .03158 2.11 
.00963 6.74 30.0 • 300E+02 7.82 966. 473. 812.46 77970. .03332 2.01 
.00963 5.66 29.9 .255E+02 6.57 811. 397. 691.84 65476. .04023 2.04 
.00963 3.37 30.0 .l57E+02 3.91 483. 236. 427.22 38985. .07008 2.11 
.10326 34.62 29.9 .994E-Ol .35 463. 227. 3.68 325. .07548 2.18 
.10326 26.26 30.1 .742E-01 .26 351. 172. 2.75 247. .09795 2.15 
.10326 21.35 30.0 .604E-O 1 .21 285. 140. 2.23 200. .12058 2.15 
.10326 17.06 30.0 .489E-Ol .17 228. 111. 1.81 160. .15291 2.18 
.10326 11.62 30.1 • 335E-O 1 .11 155. 76. 1.24 109. .22578 2.19 
• 10326 101.00 30.0 .286E+OO 1.02 1351. 662. 10.60 950 • .02551 2.15 
• 10326 66.95 29.9 .192E+OO .67 895. 439. 7.12 629 • .03899 2.18 
.10326 50.20 30.0 • 142E+OO • 50 671. 329 • 5.28 472 • .05147 2.16 
.10326 84.73 30 .o • 241E+OO .85 1133. 556. 8.94 797. .03057 2.16 
---· 
.. .. . .. . ..... - .. _ · -~ . ~UN 6 _ - . ~-· 72 PER CENT POL YSTRENE IN TOLUENE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM . 8V/O . F DRAG RATIO 
.06290 556.00 30 .o .229E+02 15.16 12212. 1380. 1025.83 23141. .01121 1.52 
.06290 490.00 30.0 .205E+02 13. 36 10762. 1217. 918.09 20394. .01292 1. 70 
.06290 407.00 29 .9 • 110E+02 11.09 8940. 1010. 764.68 16939 • .01559 1.95 
.06290 326.00 30 .0 .136E+02 8.89 7160. 809. 613.25 13568. .01950 2.30 
.06290 277.00 29.9 .117E+02 7.55 6084. 688. 524.92 11529. .02311 2.61 
.06290 204.50 30.0 .864E+01 5.57 4491. 507. 386.93 8511. .03126 3.23 
.06290 84.50 29.9 • 359E+O 1 2.30 1856. 209. 160.84 3517. .07611 8.83 
.06290 100. 20 29.9 .427E+01 2.73 2201. 248. 191.38 4170. .06441 5.36 
.06290 51.70 30.0 • 221 E+O 1 1.40 1135. 128. 99.08 2151. .12527 8.89 
.06290 36.55 29.9 .160 E+O 1 • 99 802. 90 • 71.68 1521. .18132 9.09 
.06290 28.00 29.9 .1 24E+Ol • 76 615. 69. 55.88 1165 • .24084 9.25 
.10326 564.00 30.0 .629E+Ol 5. 70 853. 853. 233.36 5306. .01800 .96 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM BVID F DRAG RATIO 
.10326 411.00 29.9 .469E+01 4.15 622. 621. 174.09 3867. .02528 .98 
.10326 330.00 30.1 .377E+01 3.33 499. 499. 139.76 3104. .03149 .98 
.10326 247.00 30.0 .281E+Ol 2.49 373. 373. 104.20 2324. .04191 .97 
.10326 165.00 30.0 .188E+01 1.66 249. 249. 69.76 1552. .06288 .98 
.10326 116.00 30.1 .134E+Ol 1.17 175. 175. 49.70 1091 •. .09066 .99 
.10326 85.00 30.0 .978E+OO .86 128. 128. 36.26 799. .12318 .99 
.10326 50.70 30.1 • 584E+OO .51 76. 76. 21.64 477. .20665 .99 
.10326 56.75 29 . 9 .667E+OO .57 85. as. 24.74 533. .18854 1.01 
.10326 41.33 30.0 .486E+OO .41 62. 62. 18.02 388. .25890 1.01 
.10326 36.37 30.0 .428E+OO .36 55. 55. 15.87 342. .29443 1.01 
.10326 30.57 30.0 • 358 E+OO • 30 46. 46 • 13.29 287. .34922 1.01 
• 10326 26.25 30.0 .311E+OO .26 39. 39. 11.54 246. .41103 1.02 
.10326 21.17 30.0 .252E+OO .21 32. 32 • 9.34 199. .51195 1.02 
.10326 16.25 30.0 • l93E+OO .16 24. 24 • 7.18 152. .66754 1.02 
.10326 11.53 30.0 • 137E+OO .11 17. 17 • 5.07 108. .93743 1.02 
.10326 6.67 29.9 • 783E-O 1 .06 10. to. 2.90 62. 1.60145 1.01 
-·---·-·- - -- - - ~ -· . + - - - -
RUN 10 - 100 PPM PIS L-80 IN CYCLOHEXANE 
-
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V/D F DRAG RATIO 
.06290 542.00 25.0 ~ 154E+02 14.78 6273. 6109 • 692.19 22558. .00880 1.00 
• 06290 512.00 25.0 • 139E+02 13.96 5926 . 5771 • 626.69 21310. .00892 t.oo 
.06290 480.00 25.0 • 126E+02 13.09 5555. 5410. 564.68 19978 • .00915 1.00 
.06290 452.00 25.0 • l13E+02 12.32 5231. 5095. 508.21 18812. .00929 1.00 
.06290 420.00 25.0 .lOOE+02 11.45 4861. 4734. 447.70 17480. .00948 1.00 
.06290 390.00 24.9 .875E+01 10.63 4514. 4396. 391.78 16232. .00962 .99 
.06290 357.00 25.0 .751E+01 9.73 4132. 4024. 336.38 14858. .00985 .99 
.06290 327.00 25.0 .636E+01 8.91 3784. 3686. 285.06 13610. .00995 .98 
.06290 293.20 25.0 • 530E+01 7.99 3393. 3305 • 237.29 12203. .01031 .98 
.06290 261.00 25.0 • 420E+Ol 7.11 3020. 2942 • 188.11 1086 3. .01031 .94 
.06290 232.00 25.0 • 271E+O 1 6.32 2685. 2615. 121.33 9656. .00842 .74 
.06290 198.00 25.0 .198E+Ol 5.39 2291. 2231. 89.02 8241. .00848 .11 
.06290 164.50 25.0 .148E+Ol 4.48 1903. 1854. 66.51 6846. .00918 1.09 N 
1.0 
(J1 
TABLE XVIII - FRICTION FACTOR OATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT CCONTJ 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM 8V/O F DRAG RATIO 
.04624 380.00 25.0 .313E+02 19.17 5982. 5826. 1032.35 39798. • 00180 • 87 
.04624 350.00 25 . 0 .276E+02 17.65 5509. 5366. 908.70 36656. .00809 .as 
.04624 321.00 25.0 .243E+02 16.19 5053. 4921. 799.99 33619. .00847 .90 
.04624 296.00 25.0 .214E+02 14.93 4659. 4538. 705.53 31000. .00878 .92 
.04624 272.00 25.0 .185E+02 13.72 4282. 4170. 609.99 28487. .00899 .91 
.04624 236.00 25.0 .146E+02 11.90 3715. 3618. 482.21 24716. .00944 .92 
.04624 215.00 25.0 .l 20E+02 10.84 3384. 3296. 397.33 22517. .00938 • 89 
.04624 186.50 25.0 .796E+01 9.40 2936. 2859. 262.08 19532. .00822 .75 
.04624 158.00 25.0 .498E+Ol 7.97 2487. 2422. 164.23 16547. .00717 .62 
.04624 127.00 25.0 .360E+Ol 6.40 1999. 1947. 118.60 13301. .00802 1.00 
.03253 140.00 25.1 .295E+02 14.26 3132. 3050. 683.69 42098. . 00932 • 86 
.03253 120.00 25.1 .212E+02 12.23 2684. 2614. 491.53 36084. .00912 .81 
.03253 98.00 25.1 . 130E+02 9 . 98 2192. 2135 . 301.99 29469. .00841 • 70 
.03253 71.00 25.0 .845E+Ol 7.23 1588. 1547. 195.84 21350. .01038 1.03 
RUN 11 - 500 PPM PIS L-80 IN CYCLOHE XANE 
TUBE MLS/HIN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM BVID F DRAG RATIO 
- ----- -
.04624 43.39 24.9 • l34E+O 1 2.18 683. 608. 44.14 4544 • .02558 1.09 
.04624 28.83 25.1 .923E+OO 1.45 453. 404. 30.40 3019. .03992 1.13 
• 04624 24.20 25.0 .769E+OO 1.22 380. 339 • 25.34 2534. .04722 1.12 
• 04624 15.91 25.0 • 515E+OO • 80 250. 223 • 16.97 1666 • .07317 1.14 
.04624 323.00 25.1 .233E+02 16.29 5084. 4529. 769.86 33828. .00805 .86 
.04624 363.00 25 . 0 .274E+02 18.31 5714. 5091. 903.94 38017. .00748 • 83 
.04624 401.00 25 .o . 315E+02 20 . 23 6312. 5624. 1037.63 41997. . 00704 .so 
.04624 455.00 25 . 0 • 372E+02 22.95 7162 • 6381. 1225.97 47653. .00646 • 76 
• 04624 513 .oo 25.1 .435E+02 25 . 88 8075. 7194 • 1431.81 53727. .00593 .72 
.06290 546.00 25 .1 .158E+02 14.89 6318 . 5629. 708.38 22725. .00887 1.01 
.06290 478.00 25.1 • 130E+02 13.03 5531 • 4928. 582.41 19895. .00952 1.04 
.06290 400.00 25 .0 .950E+01 10.90 4629. 4124. 425.30 16648. .00992 1.03 
.06290 52.08 25 .o . 502E+OO 1.42 602. 537. 22.48 2167. .03096 1.16 
.06290 35.90 25.0 .356E+OO . 97 415. 370. 15.94 1494. .04622 1.20 
.06290 27 . 60 25.0 . 274E+OO .75 319. 284. 12.28 1148. .06025 1.20 N 
1.0 
C)) 
TABLE XVIII -FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT ICONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM av 10 F DRAG RATIO 
.03253 23 .a 2 25.0 .313E+Ol 2.42 532. 474. 72.62 7162. .03423 1. 14 
.03253 17.32 25. 1 . 233E+01 1.76 387. 345. 54.09 5208. .048 2 3 1.16 
.03253 11.01 25.1 .150E+Ol 1.12 246. 219. 34.85 3310. .07691 1.18 
.02322 20.22 25.1 .509E+01 4.04 633. 564. 168.60 16723. .02862 1.13 
.02322 13.83 25.1 .352E+Ol 2.76 433. 386. 116.73 11438. .04235 1.14 
.02 322 6.25 25.0 .l62E+01 1.25 195. 174. 53.66 5169. .09533 1.16 
.00963 5.58 25.0 • 211E+02 6.48 421. 375. 588.50 64551. .03892 1.02 
.00963 4.68 25.0 .184E+02 5.43 353. 314. 499.06 54139. .04692 1.0 3 
.00963 2.77 25.0 .111E+02 3.21 209. 186. 301.95 32044. .08103 1.05 
.10326 35.50 24.9 .903E-Ol .35 250. 223. 3.34 334. .07207 1.12 
.10326 26.36 24.9 .695E-Ol .26 185. 165. 2.57 248. .10067 1.16 
• 10326 21.33 24.9 .564E-01 .21 150 • 133. 2.09 zoo. .12475 1.17 
.10326 17.48 25.0 .480E-01 .11 123. 109. 1.78 164 • • 15812 1.21 
.10326 100.70 25.0 .255E+OO 1. 01 710. 632. 9.45 947. .02529 1.12 
.10326 8 2. 30 25.0 • 216E+OO • 83 580. 516. 8.01 774 • .03208 1.16 
.10326 66.27 24.9 .172E+OO .67 467. 416. 6.39 623. .03946 1.15 
• 10326 49.00 24.9 .129E+OO .49 345. 307 • 4.79 461. .05412 1.16 
.04624 328.00 24.9 .239E+02 16.54 5164. 4600. 789.86 34352. .00801 .86 
.04624 424.00 25.1 .336E+02 21.39 66 74. 5945. 1106.24 44406. .00671 • 77 
.04624 531.00 25.0 .442E+02 26.79 8359. 7447. 1456.49 55612. .00563 .69 
.04624 42.70 25.0 .l42E+Ol 2.15 672. 598. 46.97 4472. .02811 1.18 
.04624 24.20 24.9 .823E+OO 1.22 381. 339. 27.09 2534. .05049 1.20 
• 06290 35.55 25.0 • 368 E+OO • 96 411 • 366 • 16.49 1479. .04874 1.25 
.06290 51.36 25.0 .520E+OO 1.40 594. 529. 23.29 2137. .03298 1.22 
.06290 27.52 25.1 • 285E+OO • 15 318 • 283. 12.77 1145. .06299 1.25 
.06290 568.00 25.0 • 151E+02 15.49 6574 • 5856. 678.21 23640. .00785 .90 
.06290 494.00 25.0 .126E+02 13.47 5717. 5093. 568.10 20560. .00869 .96 
.06290 420.00 24.9 • 963E+01 11.45 4861. 4331 • 431.26 17480. .00913 .96 
.062~0 547.00 25.0 .149E+02 14.91 6331. 5640. 669.98 22766. .00836 .95 
.06290 521.00 25.0 .137E+02 14.20 6030. 5372. 616.94 21684. .00848 .95 
.06290 486.00 25.0 .125E+02 13.25 5625. 5011. 562.77 20228. .00889 .98 
.06290 446.00 25.1 .107E+02 12.16 5161. 4598. 480.07 18563. .00901 .97 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT ( CONT) 
. 
TUBE ML S/M 1 N TEMP PSI/FT FT/SEC N- RES GEN-RE DYNES/SQ CM 8V/D F DRAG RATIO 
.06290 378.00 25 . 0 . 8 33E+O 1 10 . 30 4375. 3897 . 372.97 15732. .00975 1.00 
.06290 329.00 25.0 . 659E+01 8.97 3807 . 3392 . 295.31 13693. .01019 1.00 
.06290 298 . 00 25 . 1 • 546E+O 1 8 . 12 3448. 3072. 244 . 72 12403 . . 01029 .98 
.06290 312. 00 25 . 0 .603E+Ol 8.50 3611 . 321 7. 270 . 20 12985 . . 01036 1.00 
.06290 270 . 00 25 . 0 .459E+01 7. 36 3125. 2784. 205 . 60 11237. .01053 . 97 
.06290 246 . 00 25.1 . 364E+01 6.70 2846. 2536. 163.34 10238 . . 01008 .91 
.06290 222 . 00 25.1 .267E+Ol 6 . 05 2569 . 2288. 119 . 52 9239 . .00906 . 79 
.06290 199.00 25 . 1 .212E+01 5.42 2303 . 2051. 94 . 91 8282 . . 00895 • 75 
.06290 183 . 00 25 . 0 .193E+01 4.99 2118 . 1886 • 86 .77 76 16 . .00967 .• 79 
• 06290 167.00 25 . 0 .172E+01 4. 55 1932 . 1722. 77.10 6950. .01032 1.24 
• 04624 409 . 00 25 . 0 .318E+02 20.63 6438 . 5736 • 1049. 51 42835 • .00684 . 78 
• 04624 394.00 25.0 .303E+02 19 . 87 6202. 5525 • 997 . 59 41264. . 00701 . 79 
• 04624 359 . 00 25 . 0 .272E+02 18.11 565 1. 5035. 897 . 53 37598 . . 00760 .84 
.04624 335 . 00 25.0 .241E+02 16 . 90 5273 . 4698. 794.20 35085 . . 00772 • 83 
.0462 4 302 . 50 25.0 .210E+02 15 . 26 4762 . 4242. 693.93 3168 1. .00827 .87 
. 04624 273.00 25 . 0 . 180E+02 13. 77 4297. 3828 . 593.30 28591 . . 00868 • 88 
.04624 240.00 24 . 9 • 149E+02 12.10 3778 . 3366 . 490.94 25135 • .00930 .9 1 
.04624 208.00 25 . 0 .117E+02 10.49 3274. 2917. 386 . 73 21784. .00975 .92 
• 04624 180 . 00 25 . 1 .736E+O 1 9 . 08 2833 . 2524 • 242 . 51 18851 . . 00816 .73 
• 04624 149.50 25.1 . 519E+01 7.54 2353 . 2096 • 170.84 15657. . 00834 .11 
• 04624 132.50 24.9 .451E+01 6. 68 2086 . 1858 • 148.75 13877. . 00924 1.20 
.04624 164.00 24 . 9 . 632E+01 8. 27 2582 . 2300. 208.07 17116. . 00844 • 73 
. 04624 195 . 50 25 . 0 • 992E+O 1 9.86 3077 . 2741 . 326.82 20475 . . 00933 .86 
• 04624 118.00 25 . 0 .389E+01 5. 95 1857. 1654 • 128 . 11 12358 . .0 1004 1.16 
. 04624 100 . 50 24 . 9 • 333 E+O 1 5 .• 07 1582. 1409 . 109 . 67 10525. .0 1184 1. 17 
.04624 85.00 25 . 0 .285E+01 4. 28 1338 . 1192. 94 . 12 8902 . . 01421 1.18 
. 04624 67.80 25.1 • 223E+01 3. 42 1067 • 950 . 73.54 7100 . .01746 1.16 
. 04624 52.00 24 . 9 • 163E+01 2. 62 818. 729 • 53.91 5446. . 02175 1.11 
.04624 447.00 25 . 0 • 363E+02 22 . 55 7037 . 6269 • 1196.21 468 15. .00653 . 76 
. 04624 476 . 00 25 . 0 . 394E+02 24.01 7493 . 6675. 1299.70 49852 . . 00626 • 74 
. 04624 508.00 25.0 . 420E+02 25.63 7997. 7124. 1384.66 53204. . 00585 .71 
.04624 526.00 25.0 • 458E+02 26.53 8280 • 131] ' .. 1508,18 - 55089 . . 00594 • 73 
.06290 141 . 50 25.1 • 138 E +0 1 3.85 163 7. 1458. 62 . 21 5889. . 01160 1. 18 N 
1.0 
00 
TABLE XVIII -FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM avID F DRAG RATIO 
.06290 118.50 25.1 .l13E+01 3.23 1371. 1221. 50.76 4932. .01350 1. 15 
.06290 77.50 25.0 .726E+OO 2.ll 897. 799. 32.50 3225. • 0 20 21 1.13 
.06290 52.00 25.1 .484E+OO 1.41 601. 536. 21.68 2164. .02995 1.12 
.06137 51.79 25.0 .290E+OO 1.48 614. 547. 25.57 2321. .03226 1. 23 
.06137 38.95 25.0 .225E+OO 1.11 462. 411. 19.84 1745. .04426 1.27 
.06137 31.60 25.0 .192E+OO .90 374. 333. 16.92 1416. .05736 1.34 
.04646 44.82 25.0 • 7 68E+OO 2.24 102. 625. 50.19 4628. .02778 1.21 
.04646 29.60 25.0 .531E+OO 1.47 463. 413. 34.70 3056. .04404 1. 27 
.04646 23.49 25.0 • 50 1E+OO 1.17 368. 327. 32.78 2425. .06607 1.51 
.04646 16.50 25 .a • 337 E+OO .82 258. 230. 22.04 1703. .09005 1.45 
.03282 26.05 25.0 .l66E+01 2.60 577. 514 • 77.91 7626. .03181 1.14 
• 03282 12.90 25.0 .879E+OO 1.29 286. 254 • 41.19 3776. .06861 1.22 
• 03282 18.40 25.0 .121E+01 1.84 408. 363. 57.11 5387. .04674 1.19 
• 02325 22.18 25.0 .264E+Ol 4.42 694. 618 • 169.71 18261 • .02408 1.04 
.02325 14.16 25.0 • 185E+01 2.82 443. 394 • 119.04 11658. .04145 1.14 
.02325 1. 30 25.0 • 967E+OO 1. 45 228. 203. 62.16 6010. .08145 1.16 
• 01338 8.11 25.0 .929E+01 4.88 441 • 392 • 343.45 35015. .04001 1. 10 
.01338 5.42 25.0 • 623E+O 1 3.26 294. 262. 230.31 23401 . .06008 1.10 
.01021 7.92 25.0 .279E+02 8.19 564. 502. 789.49 76 98 2. .03269 1. 15 
.01021 6.16 25.1 • 218E+02 6.37 439. 391. 616.81 59874. .04222 1.15 
• 01021 4.15 25.1 .149E+02 4.29 295. 263 • 421.00 40337. .06349 1.17 
.03253 47.80 25.0 .608 E+O 1 4.87 1069. 952. 141.01 14373. .01650 1.10 
.03253 ao.oo 25.1 .103E+02 8.15 1789. 1594. 240.53 24056. .01005 1.12 
.03253 110.00 25.0 .154E+02 11.21 2461. 2192. 357.44 33077. .00790 .68 
.03253 152.00 25.0 .257E+02 15.49 3401. 3029. 596.55 45707. .00690 • 65 
.03253 177.50 25.0 .386E+02 18.09 3971. 3538. 894.35 53375. .00759 .75 
.03253 218.00 25.0 • 524E+02 22.21 4877. 4345. 1213.95 65553. .00683 .72 
.03253 246.00 25.0 .617E+02 25.07 5504. 4903. 1429.20 73973. .00631 .69 
.03253 290.00 25 .0 .7 54E+02 29.55 6488. 5780. 1746.94 87204. .00555 .63 
.03253 317 .oo 25. 1 .845E+02 32.30 7092. 6318. 1957.94 95323. .00521 .61 
.03253 345.00 25 .0 .935E+02 35.16 7719. 6877. 2166.22 103743. .00486 .58 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT ICONT) 
. 
RUN 12 - 1000 PPM PIB L-BO IN CYC LOHEXANE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V/D F DRA G RAT 10 
.06290 539.00 25.0 .140E+02 14.69 6238. 4952. 628.96 22433. .00808 . 9 2 
.06290 507.00 25 .0 • 130E+02 13.82 5868 • 4658. 582.49 2110 2. .00846 .94 
.06290 479.00 25.0 .119E+02 13.06 5544. 4401. 535.86 19936. .00872 . 96 
.06290 432.00 25.1 .102E+02 11.78 4999 . 3969. 460.50 17980 . .00921 .98 
.06290 399.00 25.1 • 916E+O 1 10.88 4617 • 3666. 410.36 16606. .009 62 1.00 
• 06290 368.00 25 . 1 .806E+01 10.03 4258 • 3381. 360.88 15316. .00995 1.01 
.06290 324.00 25.1 .638E+01 8. 83 3749. 2976. 285.98 13485. . o 10 l7 .99 
.06290 292.00 25.0 .526E+01 7.96 3379. 2683. 235.80 12153 . .010 32 .98 
.06290 306.00 25.0 .580E+01 8.34 3541. 2811. 260.06 12736. . 01037 1.00 
.06290 267.00 25.0 • 420E+O 1 7.28 3090. 2453. 188.10 1111 2. .00985 .91 
• 06290 245.00 25.0 • 335E+O 1 6.68 2835. 2251 • 150.40 10197 . . 00935 . 84 
.06290 219.50 25 .0 .245E+01 5.98 2540. 2017. 110.05 9135. .00853 • 74 
• 06290 194.00 25.0 • 216E+O 1 5.29 2245 • 1782. 97 . 01 8074 • .00962 .8o 
.06290 179.00 25 .1 .197E+Ol 4.88 2071 . 1644. 88.21 7450. .010 28 1.33 
.06290 162.00 25.1 • 179E+O 1 4.41 1874. 1488. 80 . 37 6742. • 01144 1.34 
.06290 137.50 25 . 0 • 150E+O 1 3.74 1591 • 1263. 6 7.52 5722. .01334 1. 32 
.06290 114.00 25.1 • 124E+01 3.10 1319 • 1047. 55.56 4744 . .01 597 1.31 
• 06290 74.20 25.0 • 793E+OO 2.02 858 • 681 • 35.50 3088. .02408 1.29 
.06290 49.10 25.0 • 513E+OO 1.33 568. 451. 23 . 00 2043 • .03564 1.26 
• 06290 50.10 25.1 • 537 E+OO 1.36 579. 460 • 24.04 2085. .0 3578 1.29 
.06290 34.75 25.0 • 380E+OO .94 402. 319 . 11 . 01 1446 . .05264 1.32 
.06290 26 . 90 25.0 • 29 2E+OO • 73 311. 247. l3 .09 1119 • . 06761 1. 31 
.04624 411.00 25 .0 • 295E+02 20.73 6470 • 5136. 971.03 43045. . 00627 .72 
.04624 394.00 25 . 1 • 281E+02 19.87 6201. 4923 • 925.74 41264. . 00650 .73 
.04624 364.00 25.0 .253E+02 18.36 5730. 4549. 835.70 38122. .00688 .76 
.04624 33 1.00 25 .1 .226E+02 16.70 5210. 4136. 745 .11 34666 . .00742 • 80 
.04624 300.00 25.0 .199E+02 15.13 4722. 3749. 655.92 31419. . 00795 .83 
.04624 268 . 00 25.1 . l69E+02 13.52 4218. 3349. 558.45 28068. .00848 • 86 
.04624 240.00 25. 1 .132E+02 12. 10 3777. 2999. lt34.58 25135. . 00823 • 81 
.04624 208.00 25.0 .904E+01 10.49 32 74. 2599. 297 . 63 21784. .00750 • 70 
.816E+Ol 9.68 3022. 2399. 268.71 20108 . .00795 . 73 -.04624 192.00 25.1 ~ 
.04624 177.00 25.0 • 730E+O l 8.93 2786 . 2212. 240.37 18537. . 00837 • 75 -
TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONTJ 
. 
TUBE MLS/MIN TEMP PSI I FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V/D F DRAG RATIO 
.04624 145.50 25.0 .543E+01 7.34 2290. 1818. 178.96 15238. .00922 .77 
.04624 115.00 25.0 .410E+Ol 5. 80 1810. 1437. 135.20 12044. .01115 1.26 
.04624 82.80 25.1 • 291 E+O 1 4.17 1303. 1034. 96.05 8671. .01529 1.24 
.04624 48.90 25.0 .11 3E+Ol 2.46 769. 611. 57.13 5121. .02607 1.25 
.04624 528.00 25.0 • 417E+02 26.63 8312. 6599. 1375.60 55298. .00538 .66 
.04624 500.00 25.0 .386E+02 25.22 7871. 6249. 1273.00 52366. .00555 .67 
• 04624 472.00 25.0 .357E+02 23.81 7430 • 5899. 1176.29 49433. .00576 .68 
• 04624 444.00 25.0 .328E+02 22.40 6989. 5549. 1082.18 46501 • .00599 • 70 
.04624 38.95 25 .o .144E+01 1.96 613. 486. 47.40 4079. .03410 1.30 
• 04624 26.50 25.0 .998E+OO 1.33 417. 331. 32.86 2775 • .05107 1.33 
.04624 21.80 24.9 • 830E+OO 1.09 343. 272. 27.32 2283 • .06274 1.34 
.04624 14.30 25.1 .557E+OO • 12 225. 178. 18.35 1497. .09796 1.37 
.10326 33.60 25.0 .96 7E-O 1 .34 236. 188. 3.58 316. .08612 1.27 
.10326 25.52 25.0 • 730 E-O 1 .25 179. 142. 2.70 240 • • 11274 1.26 
.10326 20.50 24.9 .589E-01 .20 144. 114. 2.18 192. .14109 1.27 
• 10326 17.64 25.1 .492E-01 .17 124. 98 • 1.82 165. .15897 1.23 
• 10326 101.00 25.1 .289E+OO 1.02 712. 565 • 10.71 950. .02848 1.26 
.10326 84.50 zs.o .243E+OO • 85 595. 473. 9.03 795. .03431 1.27 
.10326 67.90 24.9 .193E+OO .68 478. 380. 7.16 638. .04216 1.26 
.10326 50.00 25.0 .143E+OO • 50 352. 279. 5.32 470. .05777 1.27 
.03253 21.68 25.1 .325E+01 2.20 485. 385. 75.37 6519. .04289 1.30 
.03253 16.10 24.9 .236E+01 1.64 360. 286. 54.75 4841. .05648 1.27 
.03253 10.40 25.0 .157E+O 1 1.05 232. 184. 36.43 3127. .09008 1.31 
.03253 42.93 25.0 .629E+Ol 4.37 960. 762. 145.80 12909. .02115 1.27 
.03253 59.20 25.0 .845E+01 6.03 1324. 1051. 195.84 17801. .01494 1.23 
.03253 75.10 25.0 .108E+02 7.65 1680. 1334. 250.23 22582. .01186 1.24 
.03253 88.80 25.0 .125E+02 9.05 1986. 1577. 290.36 26702. .00984 1.22 
.03253 105.00 25.0 .149E+02 10.70 2349. 1865. 346.32 31574. .00840 .71 
.03253 126.00 25.0 • 191E+02 12.84 2819. 2238 • 444.43 37888. .00748 .67 
.03253 143.00 25.0 .226E+02 14.57 3199. 2540. 524.54 43000. .00686 .64 
.03253 166.00 25.0 .316E+02 16.91 3714. 2948. 733.35 49917. .00711 
.69 
.03253 220.00 25.0 .488E+02 22 .42 4922. 3908. 1131.80 66155. .00625 • 66 
.03253 249.00 25.1 .563E+02 25.37 5570. 4422. 1304.61 74875. .00562 .62 w 
0 
t-' 
TABLE XV II I - FRICTION FACTOR DATA TAKEN IN THE CAPI LL ARY VISCOMETRY UNIT !CONTJ 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V /0 F DRAG RATIO 
.03253 287.00 25.0 .678E+02 29.25 6421. 5098. 1570.80 86 302 . .00510 .58 
.03253 316.00 25 . 0 .755E+02 32.20 1010. 5613. 1750.31 95022. . 00468 . 55 
.03253 340.00 25.0 . 837E+02 34. 65 7607. 6039. 1938.95 102239. . 00448 . 53 
.03253 360.00 25.0 . 904E+02 36.69 8055. 6395. 2095.04 108254. .00432 . 52 
. 03253 375. 00 25 . 0 . 943E+02 38.22 8390 . 6661. 2185 .40 112764. .00415 • 51 
.03253 377.00 25.0 . 967E +02 38 .42 8435. 6697. 2241 .41 11 3366 . .00421 .52 
.02322 18.30 25.0 .520E+01 3. 66 5 73. 455. 172.51 151 35 . .03574 1.2R 
.02322 12.45 24.9 . 368E+01 2.49 390. 309. 122.03 10297. . 05463 1.33 
.02322 5.60 25.0 .167E+01 1.1 2 175. 139. 55.58 4631. • 12 30 1 1.34 
.01338 5.60 25 . 0 .735E+Ol 3.37 304. 241 • 271.55 24178. . 06635 1.26 
• 01338 3.9 2 25 . 0 • 54 7 E +0 1 2. 36 213. 169 • 202. 11 16925 • • 10079 1. 34 
• 01021 3.06 25 . 0 .1 23E+02 3. 16 218 . 173. 349.02 29743. . 09681 1. 3 1 
.01021 2.55 25.0 . 107E +02 2. 63 181 • 144. 302.81 24785. .1 2095 1. 37 
.01021 1. 50 25.0 .6 53 E+O l 1.55 106. 84 . 184.39 14579 . . 212A5 1. 42 
RUN 13 - 3000 PPM PIB L-80 IN CYCLOHEXANE 
TUBE MLS/MIN TEMP P S II FT FT/SEC N-RES GEN- RE DYNES/SO CM 8V/O F DRA G RATI O 
.10326 159 . 00 25 . 0 .703E+OO l. 60 1121. 595. 26 .07 1496. . 02797 1. 96 
.10326 102.00 25.1 • 451E+OO 1. 03 719. 382. 16.73 959 • .04362 1.Q6 
.10326 87.00 25.0 .38 1E+OO . 88 613 . 326. 14. 14 818. .05070 1.94 
.10326 69 .70 25 .0 • 304E+OO • 70 491. 261 . 11.27 655 • .06296 1.93 
• 10326 52.10 25 . 0 • 228E+OO . 52 36 7. 195 • 8.46 490. . 08456 l. 9 4 
.10326 3 2. 9 3 25. 1 .lSOE+OO . 33 232. 123. 5.56 309. • 139 20 2. ')1 
.06290 179.50 25 . 0 . 313E+Ol 4.89 20 77. 1104. 140.33 74 71. . 0 1626 2. 1 1 
.06290 164.00 25 . 0 . 287£+01 4.47 1~913. 1008. 128.81 6825. . Ol7'3f3 2. 1 ?. 
.06290 141.50 25 .1 .245E•Ol 3. 85 163 7. 870 . 110.06 588Q . . 02053 2. 10 
.06290 11 9.00 25.0 • 204E•O 1 3. 24 1377. 732. 91.35 4952. . 02409 2.07 
.06290 77.50 24 . 9 .133E+01 2. ll 897. 4 76. 59.55 3225. .03703 2 . ,o 7 
.06290 49.20 25.0 . 912E+OO 1. 34 569 . 302. 40.86 2047. . 06306 2.24 
.06290 34.55 25.0 • 626E•OO . 94 399 • 212. 28.03 1438. • OR 17 2 2. 1 Q 
.06290 26 . 52 25. 1 .495£+01) • 7 2 306. 163 . 22 .1 6 110 3 • • 11771 2.25 
.04624 113 .50 25 . 1 .644E+-O 1 s. 12 1786. 949 . 212 .1 5 11887 . .01797 2. 00 w 
0 
N 
TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT IS EC N-RES GEN-RE DYNES/SQ CM BV/D F DRAG RATIO 
.04624 106.00 25.1 • 583E+Ol 5. '34 1668. 886. 191.91 11101. .01864 1.94 
.04624 90.00 25.0 .503E+01 4.54 1416. 753. 165.71 9425. .02232 1.97 
.04624 83.00 25.2 .465E+01 4.18 1306. 694. 153.08 8692. .02425 1. 98 
.04624 47.90 25.0 • 28 2 E +0 1 2.41 754. 400. 93.01 5016. .04424 2.08 
.04624 39.17 25.0 .235E+01 1.97 616. 327. 77.37 4102. .05503 2.12 
.04624 26.80 25.0 .163E+Ol 1.35 421. 224. 53.80 2806. .08174 2.15 
.04624 14.80 25.0 .902E+OO • 74 232. 123. 29.70 1550. .14800 2.15 
.06290 558.00 25.0 .172E+02 15.21 6458. 3432. 770.32 23224. .00924 1.06 
.06290 524.00 25.1 .154E+02 14.29 6064. 3223. 693.49 21809. .00943 1.06 
.06290 492.00 25.0 .137E+02 13.41 5694. 3026. 613.72 20477. .00947 1.05 
.06290 461.00 24.9 • ll7E+02 12.57 5336 • 2836 • 525.16 19187. .00922 1.00 
• 06290 428.00 25.0 .902E+01 11.67 4953. 2632. 403.90 17813. .00823 .87 
.06290 393.00 25.0 .762E+01 10.71 4548. 2417 • 341.35 16357. .00825 • 85 
.06290 328.00 24.9 • S82E+01 8.94 3796. 2017 • 260.70 13651. .00905 
.89 
• 06290 297.00 25.0 .520E+01 8.09 3437. 1827. 233.12 12361. .00987 
.94 
.06290 262.00 25.0 .461E+01 7.14 3032. 1611. 206.47 10904. .o 1123 1.03 
.06290 413.00 24.9 .823E+01 11.26 4780. 2540. 368.61 17189. .00807 • 85 
.06290 360.00 25.0 .705E+01 9.81 4166. 2214 • 316.05 14983. .00910 
.92 
.04624 374.00 25.0 • 315E+02 18.86 5887. 3129. 1039.63 39169. .00811 .90 
.04624 354.00 25.0 .246E+02 17.86 5572. 2962. 811.09 37075. .00706 .77 
• 04624 333.00 25.0 .216E+02 16.80 5242 • 2786 • 713.89 34875. .00702 • 76 
• 04624 300.00 25.0 • 193E+02 15.13 4722. 2510 • 638.10 31419. .00773 .81 
.04624 270.00 25.0 .170E+02 13.62 4250. 2259. 560.02 28277. .00838 • 85 
• 04624 239.00 25.0 • 138E+02 12.05 3762 • 1999. 455.89 25031 • .00871 .as 
• 04624 209.00 25.0 • 118 E+02 10.54 3290. 1748 • 390.08 21889. .00974 
.92 
.04624 178.00 25.0 .995E+Ol 8.98 2802. 1489. 327.70 18642. .01128 1.01 
.04624 146.00 25.0 • 817E+O 1 7.36 2298. 1221. 268.92 15290 • .01376 1.16 
.04624 404.00 25 .o • 358E+02 20.38 6360. 3380. 1179.30 42311 • .00788 .90 
.04624 425.00 25.0 .395E+02 21.44 6690. 3556. 1303.34 44511. .00181 .91 
.04624 452.00 25.1 .422E+02 22.80 7114. 3781. 1391.73 47339. .00743 
.81 
.04624 488.00 25.1 .463E+02 24.62 7681. 4082. 1525.04 51109. .00698 • 84 
.04624 511.00 25.0 .500E+02 25.78 8044. 4275. 1646.63 5 3518. .00688 .84 




TABLE XVIII -FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONTI 
. 
TUBE ML S/M IN TEMP PSI/FT FT /SEC N-RES GEN-RE OYNES/SQ CM BVID F DRAG RATIO 
.03253 166.00 24.9 .367E+02 16.91 3714. 1974. 851.52 49917. .00826 .so 
.03253 193.00 25.0 • 452E+02 19.67 4318. 2295 • 1048.54 58036. .00752 • 77 
.03253 218 .50 25 .0 • 529E+O 2 22.27 4888. 2598. 1225.25 65704. .00686 .72 
.03253 244.00 25.0 .600E+02 24.86 5459. 2901. 1391.07 73372. .00624 . 68 
.03253 270.00 25.0 • 675E+02 27.51 6041. 3210 • 1564.17 81190. .00573 . 64 
.03253 294.00 25.0 • 768E+02 29.96 6578. 3496. 1778.74 88407. .00550 .63 
.03253 320.00 24.9 • 849E+02 32.61 7160. 3806. 1967.09 96225 • .00513 .60 
.03253 340.00 25.1 .947 E+02 34.65 7606. 4042. 2193 .69 102239. .0050 7 • 61 
• 03253 360.00 25 .0 .100E+03 36.69 8055. 4281 • 2338.19 108254 • .00482 . 58 
• 03253 373.00 25.0 .107E+03 38.01 8345. 4435 • 2488.32 112163. .00478 .58 
• 03253 378.00 25.0 • 110E+03 3a·. sz 8457. 4495. 2553.08 113666. .00477 .59 
RUN 14 - 1 PER CENT PIB L-80 IN CYCLOHEXANE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM 8V/O F DRAG RATIO 
.04624 38.30 25.0 • 570E+01 1.93 602. 111 • 187.84 4011. .13975 5.26 
.04624 26.78 25.0 • 408E+Ol 1.35 421. 15. 134.44 2804. .20458 5.39 
.04624 14 .80 25.0 • 238E+O 1 .74 232. 38. 78. 56 1550. .39141 5.69 
.04624 114.00 25.0 .149E+02 5.75 1794. 376. 491.3 7 11939. .041 26 4.62 
• 04624 107.00 25.0 .140E+O 2 5.39 1684. 351 • 464.01 11206. .04423 4.65 
• 04624 90.00 25.0 .123E+02 4.54 1416. 289 • 406.34 9425. .05474 4. 84 
.04624 83.50 24.9 .ll5E+02 4.21 1314. 266. 380.51 8745. .05955 4.89 
.04624 48.60 24.9 .731E+Ol 2.45 765. 145. 240.78 5089. .111 24 5.31 
.06290 182.00 25.0 .786E+01 4.96 2106. 420. 352.06 7575. . 03969 3.26 
.06290 166.00 25.0 • 723E+01 4.52 1921. 379. 324.10 6909 • .04393 5.27 
.06290 141.50 24.9 .6 32E+O 1 3.85 1637. 317. 282.94 5889. .05277 5.40 
.06290 118.00 25.0 .535E+01 3. 21 1365. 259. 239.94 4911. .06436 5.49 
.06290 76.00 25.1 . 360E+01 2.07 879. 158. 161.57 3163. .10449 5.74 
.06290 50.12 25 .0 • 248E+0 1 1.36 580. 100 • 111.41 2086. .16566 6.00 
.06290 32.70 25.0 • 167E+O 1 • 89 378 • 62 • 74.93 1361. • 26176 6.19 
.06290 15.65 24.9 .828E+OO • 42 181. 27. 37.09 651. • 56564 6.40 
.10326 159.00 25.0 • 204E+O 1 1.60 1121. 186. 75.70 1496. .08122 5.69 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT CCONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT /SEC N-RES GEN-RE DYNES/SQ CM BV/D F DRAG RAT I0 
.10326 86.50 25.1 .ll4E+O 1 .87 609. 94. 42.43 813. .15386 5.86 
.10326 69.50 25.0 .921E+OO .10 490. 74. 34.15 653 • • 19177 5.87 
.10326 51.15 25.0 .702E+OO .51 360. 52. 26.02 481. .26983 6.08 
.10326 33.35 24.9 .465E+OO .33 235. 32. 17.24 313. .42045 6.17 
RUN 20 - 4.0 PER CENT PIB LMMH IN CYCLOHEXANE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM 8V/D F DRAG RATIO 
.03253 179.50 25.0 .652E+02 18.29 4016. 1378. 1510.43 53976. .01253 1.25 
.03253 151.00 24.9 .543E+02 15.39 3379. 1160. 1258.09 45406. .01475 1.40 
.03253 120.00 25.0 • 433E+02 12.23 2685. 921. 1003.00 36084. .01862 1.65 
RUN 21 - 2.0 PER CENT PIS LMMH IN CYCLOHEXANE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE OYNES/SQ CM 8V/D F DRAG RATI 0 
.06290 182.45 24.9 • 299E+O 1 4.97 2111. 1060 • 134.19 7593. .o 1505 1.23 
• 06290 167.00 24.9 • 272E+01 4.55 1933. 971. 121.85 6950 • .01631 1.97 
• 06290 143.50 25.0 .231E+01 3.91 1660. 834. 103.70 5972 • .01881 1.95 
.06290 119.50 25.0 .191E+01 3.25 1383. 694 • 85.61 4973. .02239 1.93 
.06290 76.80 24.9 • 123E+01 2.09 888. 446. 55.09 3196. .03489 1.93 
.06290 52.50 24.9 .826E+OO 1.43 607. 305. 36.99 2185. .05012 1.90 
.06290 33.55 25.0 • 544E+OO .91 388. 195. 24.37 1396. .08088 1.96 
• 06290 16.20 25.0 .263E+OO .44 187. 94 • 11.78 674. .16774 1.96 
.04624 112.50 25.0 .641E+01 5.67 1771. 889. 211.28 11782. .01821 2.01 
.04624 103.50 25.1 • 579E+01 5.22 1629. 818. 190.69 10839 • .01943 1.97 
.04624 95.50 25.1 • 540E+O 1 4.81 1503. 755. 177.79 10001 • .02127 1.99 
• 04624 84.00 25.0 .480E+01 4.23 1322. 664 • 158.28 8797. .02448 2.02 
.04624 49.30 25.0 • 288E+01 2.48 776 • 389. 95.07 5163. .04268 2.07 
.04624 32.50 24.9 .191E+O 1 1.63 511. 257. 63.05 3403. .06514 2.08 
.04624 22.75 25.1 .136E+01 1.14 358. 179. 44.88 2382. .09465 2.11 
.04624 14.30 25.0 .879E+OO .12 225. 113. 28.96 1497. .15457 2.17 
.10326 159.50 24.9 .687E+OO 1.61 1124. 565. 25.48 1500. .02717 1.90 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CDNT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V 10 F DRAG RATIO 
.10326 104.00 25 . 1 • 444E+OO 1.05 733. 368. 16.47 978. .04132 1.89 
. 10326 86.80 25.0 . 375E+OO . 81 612. 307. 13.92 816. .05011 1. 91 
.10326 68.16 25.0 .300E+OO .68 480. 241 . 11.14 641. .06508 1.95 
.1 032 6 50 . 45 25 . 0 • 228 E+OO .51 355. 178. 8.47 474. .09036 2 . 00 
.10326 33 .68 25 .0 .155E+OO .34 237. 119. 5.74 316. .13737 2.03 
.06290 560 . 00 25 .0 .195E+02 15.27 6481. 3256. 875.85 23307. . 01043 1.19 
.06290 5 29 . 00 25.1 .182E+02 14.42 6122. 3075. 818.98 22017. .0 1093 1.23 
.06290 498.00 25.1 .163E+02 13.58 5763. 2895. 731.60 20727. . o 1102 1.22 
.06290 461.40 24. 8 . 134E+02 12.58 5341. 2683. 600.79 19204. . 01053 1.14 
.06290 431.00 25 . 0 • 105E+02 11.75 4988. 2506 • 470 .80 17938. .00946 1.01 
.06290 400.00 24.9 . 901E+01 10.90 4630. 2326. 403.78 16648. .00942 .98 
• 06290 364.00 25 . 0 .804E +O 1 9.92 4213. 2116. 360.17 15150 • .01015 1.03 
.06290 332.70 25.0 • 669 E+O 1 9.07 3850 • 1934. 299.79 13847. .01011 1.00 
• 06290 300.00 25 . 0 • 597E+O 1 8.18 3472 • 1744. 267 . 45 12486. .o 1109 1.06 
• 06290 265 . 00 25 . 0 .527E+01 7.22 3067. 1540. 236 .07 11029 • . 01255 1. 16 
.04624 380 . 00 25 . 0 .296E+02 19.17 5982. 3005. 975.93 39798. .00737 .82 
.04624 344.00 24.9 • 261E+02 17.35 5416 • 2720. 861.36 36027. .00794 • 86 
.04624 312.00 24.9 .231E+02 15.74 4912. 2467. 763.48 326 76. .00855 . 91 
• 0462 4 279.00 25.1 • 20 3E+02 14.07 4391. 2206. 669.14 29220 • .00938 .96 
.04624 399.00 25.0 • 328E+02 20.13 6281 • 3155. 1082.32 41788. .00741 .84 
.04624 420.00 25 . 0 .381E+02 21.19 6611. 3321. 1255.82 43987. .00776 • 89 
.04624 444.00 24.9 • 478E+02 22.40 6990. 3511. 1575.87 46501. .00872 1.02 
.04624 460 . 00 24.9 • 556E+02 23.20 7242 • 3638. 1832.85 48176. .00945 1. 12 
.04624 480 . 00 25.2 • 589E+02 24.21 7554. 3795. 1939.86 50271 • .00919 1.10 
.04624 496.00 25 . 1 • 632E+02 25.02 7807. 3922. 2081.12 51947 • .00923 1.11 
.04624 512.00 25.0 .690E+02 25 . 83 8060. 4049. 2271.54 5 3623. .00945 1.15 
.03253 119.50 25 . 0 • 257E+02 12.17 2673 • 1343. 596.84 35934. .o 1117 .99 
.03253 147.00 25.0 • 319E+02 14.98 3289. 1652. 740.29 44203 • . 00916 .86 
.03253 174.50 25.1 • 389E+02 17.18 3904. 1961. 901.58 52473. . 00791 • 78 
.03253 192.00 25 .1 • 480E+02 19.56 4295. 2157. 1111.56 5 7735 • .00806 .82 
.03253 228.00 25.0 • 551E+02 23 . 23 5101. 2562. 1277.82 68560 • • 0065 7 • 70 
.03253 251 . 00 25 . 0 • 625E+02 25.58 5616. 2821. 1449.24 754 77 • .00615 . 67 
.03253 261.00 25.0 .823E+02 26.60 5839. 2933. 1905.95 78484. .00748 .83 w 
0 
0'1 
TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8V/D F DRAG RATIO 
.03253 264.00 25.2 .872E+02 26.90 5905. 2966. 2019.78 79386. .00775 .86 
RUN 27 - 9000 PPM PIS L-80 IN BENZENE 
TUBE ML$/MIN TEMP PSI/FT FT /SEC N-RES GEN-RE OYNES/SQ CM 8V/D F DRAG RATIO 
.06290 181.50 24.0 .208E+01 4.94 3453. 1752. 93.23 7554. .00936 .89 
.06290 166.00 24.0 .189E+01 4.52 3158. 1602. 84.62 6909. .01016 .94 
.06290 141.00 24.1 .160E+01 3.84 2682. 1361. 71.90 5868. .01197 1.06 
.06290 118.00 24.0 .130E+01 3.21 2245. 1139. 58.59 4911. .01392 1.16 
.06290 85.00 24.0 .940E+OO 2.31 1617. 820. 42.08 3537. .01927 1.94 
.06290 51.50 23.9 .558E+OO 1.40 979. 497. 25.01 2143. .03121 1.91 
.06290 32.50 24.1 .369E+OO .88 618. 313. 16.54 1352. .05184 z.oo 
.06290 15.20 24.0 .181E+OO .41 289. 146. 8.10 632 • • 11611 2.09 
.04624 117.00 24.1 .437E+01 5.90 3027. 1536. 143.94 12253. .01016 .93 
.04624 108.00 24.1 .408E+01 5.44 2794. 1418 • 134.56 11311. .01115 1.00 
• 04624 92.00 24.0 .345E+01 4.64 2380. 1208 • 113.63 9635. .01298 1.10 
.04624 74.80 23.9 • 288E+01 3.77 1935. 982 • 94.91 7833. .01640 1.98 
.04624 50.30 23.9 • l95E+O 1 2.53 1301. 660. 64.23 5268. .02454 1.99 · - rt ~ . 
.04624 32.65 24.0 .129E+O l 1.64 844. 428 • 42.78 3419. .o 3880 2.04 
.04624 23.46 24.0 • 957E+OO 1.18 607. 308. 31.51 2457. .05537 2.10 
• 04624 15 . 90 24.0 .635E+OO .so 411 • 208 • 20.91 1665. .07999 2.05 
.10326 158.20 24.0 • 463E+OO 1.60 1833. 930 • 17.17 1488. .01649 1.89 
• 10326 134.00 24.0 • 390E+OO 1.35 1553 • 788 • 14.45 1260. .01934 1.87 
• 10326 103.00 23.9 • 310E+OO 1.04 1193. 605 • 11.50 969. .02606 1.94 
.10326 85.70 24.0 .251E+OO • 86 993. 504. 9.31 806. .03049 1.89 
.10326 68.80 24.0 .201E+OO • 69 797 • 404. 7.46 647. .03792 1.88 
.10326 51.10 24.0 .152E+OO .51 592. 300. 5.66 480. .05213 1.92 
.10326 32.60 24.0 .102E+OO .32 377. 191. 3.80 306. .08611 2.03 
.06290 555.00 24.0 .198E+02 15.13 10559. 5358. 887.35 23099. .00953 1.25 
.06290 530.00 24.0 .11 5E+02 14.45 10083. 5117. 785.52 22059. .00925 1.20 
.06290 495.00 24.0 • 157E+02 13.49 9417. 4779. 705.87 20602 • .00953 1.21 
.06290 464.00 24.0 • 140E+02 12.65 8828. 4480. 628.51 19312 • .00966 1.20 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V/O F DRAG RATIO 
.06290 398.00 23.9 • 106E+O 2 10.85 7573. 3843. 478.48 16565. .00999 1.20 
.06290 363.00 23.9 • 911 E+O 1 9.89 6907. 3505. 407.92 15108. .01024 1.19 
.06290 332.00 24.1 .762E+Ol 9.05 6315. 3205. 341.16 13818. .01024 1.16 
.06290 300.00 24.0 • 591 E+Ol 8.18 5707. 2896. 264.99 12486. .00974 1.08 
.06290 269.00 24.1 .395E+Ol 7.33 5117. 2596. 177.00 11196. .00809 .87 
.06290 233.30 24.0 • 330E+O 1 6.36 4438. 2252. 147.85 9710. .00899 .92 
.06290 315.00 24.0 .6 75E+O 1 8.59 5993. 3041. 302.39 13110. .01008 1.13 
.06290 285.00 24.0 .473E+01 1.11 5422. 2751. 211.85 11862. .00863 .94 
.04624 330.00 24.1 • 321 E+02 16.64 8538. 4333. 1058.38 34561. .00939 1.16 
.04624 301.00 24.2 .271E+02 15.18 7787. 3951. 894.51 31524. .00954 1.15 
.04624 271.00 24.0 .224E+02 13.67 7013. 3558. 740.30 28382. .00974 1.14 
.04624 243.00 24.0 .174E+02 12.26 6288. 3191 • 573.20 25449. .00938 1.07 
• 04624 212.00 24.0 .102E+02 10.69 5486. 2784. 337.76 22203. .00726 .79 
.04624 181.50 24.0 .829 E+O 1 9.15 4696. 2383. 272.91 19008. .00801 • 84 
.04624 150.00 23.9 • 628E+01 7.56 3882. 1970. 206.89 15709 • .00889 .88 
.04624 360.00 23.9 .388E+02 18.16 9317. 4728. 1277.22 37703. .00952 1. 21 
.04624 392.00 23.9 • 436E+02 19.77 10145. 5148. 1438.13 41055 • .00904 1.17 
.04624 420.00 24.0 .493E+02 21.19 10868. 5515. 1624.40 43987. .00890 1.17 ... __ .... _ .. ..,.. 
.04624 446.00 24.0 .545E+02 22.50 11541. 5857. 1794.31 46710. .00872 1.17 
.04624 467.00 24.0 • 597E+02 23.56 12085. 6132. 1965.86 48910. .00871 1.18 
.04624 490.00 24.1 • 633E+02 24.72 12678. 6434. 2086.66 51318 • .00840 1.15 
.04624 502.50 24.0 .672E+02 25.35 13003. 6599. 2212.18 52628. .00847 1.17 
.03253 153.70 24.1 • 311E+02 15.66 5652. 2868. 721.09 46218. .00723 .80 
.03253 124.50 24.0 .233E+02 12.68 4579. 2323. 541.11 37437. .00827 • 86 
.03253 96.00 24.0 .164E+02 9.78 3530. 1791. 381.64 28867 .. .00981 .94 
.03253 63.80 24.0 • 109 E+02 6.50 2346. 1190. 252.51 19185. .01470 1.25 
.03253 176.00 24.0 • 541E+02 17.93 6473. 3285. 1252.88 52924. .00958 1.10 
.03253 200.00 24.1 .705E+02 20.38 7355. 3732. 1633.77 60\41. .00967 1.15 
.03253 228.00 24.1 • 873E+02 23.23 8385. 4255. 2022.03 68560. .00921 1.13 
.03253 243.00 24.1 .973E+02 24.76 8936. 4535. 2255.17 73071. .00905 1.13 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPillARY VISCOMETRY UNIT (CONTJ 
. 
RUN 35 - 5500 PPM PMMA G IN TOLUENE 
TUBE MlS/MIN TEM P PSI / FT FT /SEC N-RES GEN-RE DYNES/SO CM 8V/O F DRAG RATIO 
.06290 540.00 29.8 . 160E+02 14. 72 11863. 6422 . 720 . 31 22475. .00834 1.12 
. 06290 5 10.00 30.0 . 146E+02 13.90 11201 . 6064 . 654 . 09 21226 . .00849 1. 13 
.06290 477 . 00 30 . 0 .132E+02 13.00 10476. 56 72. 591.99 19853 . . 00879 1.15 
. 06290 450.00 30.0 .119E+02 12.27 9883 . 5351. 532.79 18729 . .00889 1. 14 
.06290 420.00 30 .o .104E+02 11.45 9224. 4994. 469.44 17480. .00899 1.13 
. 06290 387.00 30 .o . 918E+0 1 10.55 8500. 4601. 410.99 16107 . .00927 1. 14 
. 06290 354.00 30.0 . 795E+0 1 9 . 65 7775 . 4209. 356.04 14733 . .00960 1.16 
. 06290 323.00 30 . 0 .611 E+O 1 8. 80 7094 . 3840. 303 . 46 13443. .00983 1. 15 
. 06290 292.00 30 . 0 .563E+01 7 . 96 6413. 3472 . 252.26 12153. .00999 1.14 
. 06290 261.00 30 . 0 . 457E+01 7. 11 5732. 3103. 204.61 10863. .01015 1. 12 
. 06290 228.00 30 .o .351E+01 6.21 5007. 2711. 157 . 20 9489. .01022 1. 09 
.06290 200.00 29.9 .218E+01 5.45 4393. 2378. 97.68 8324. .00825 • 84 
. 06290 166 . 00 30.0 . 153E+Ol 4 . 52 3646. 1973. 68.67 6909. .00842 .82 
. 06290 134.00 30 . 0 .121E+O l 3. 65 2943. 1593. 54.21 5577. .01020 . 93 
.06290 103.00 30 . 1 .908E+OO 2.80 2262 . 1224. 40 . 69 4287. .01296 1.08 
.04624 360.00 29.9 • 30 2E+02 18.16 10756 . 5823. 994.22 37703. . oo 757 
. 99 
.04624 330 . 00 30 .o .267E+02 16.64 9858 . 5337 • 879.96 34561 . . 00797 1.02 
• 04624 300.10 30.0 • 233E+02 15.14 8965. 4853 • 768.29 31430 • .00842 1.05 
. 04624 276 . 00 30.0 • 200E+02 13.92 8245. 4464, 658.99 28906. .00854 1.04 
• 04624 246.00 30.0 . l67E+02 12.41 7349 . 3978 . 550 . 59 25764 • .00898 1. 06 
. 04624 218 . 00 29.9 .1 35E+02 10 . 99 6513. 3526 . 445.37 22831. . 00925 1. 06 
• 04624 189 . 30 30.0 • 105E+02 9 . 55 5655 . 3061 . 347 . 55 19825 • .00957 1.06 
.04624 160 . 00 29.9 • 753E+01 8.07 4780. 2588 . 248 . 07 16757 • .00956 1.00 
• 04624 131.00 30 . 0 .443E+01 6.60 3913 • 2118. 146o11 13719. . 00840 0 83 
.04624 101.00 29.9 . 296E+01 5.09 3017. 1633. 97.62 10577. . 00944 
. 86 
.04624 389 . 00 29.9 .332E+02 19 . 62 11622 . 6292o 1095.25 40740 . .007 14 . 96 
.04624 419.00 30 . 0 .374E+02 21.14 12517. 6776. 1231 . 65 4 3882 . .00692 . 95 
. 04624 444.00 30 . 0 • 406E+02 22 .40 1 3 2 64 • 7181 . 1336.41 46501. .00669 .93 
. 04624 468.00 29 . 9 • 437E+02 23.61 13982 . 75 70 • 1441.01 49014. . 00649 0 91 
• 04624 495.00 29.9 . 4~9E+02 24.97 14789. 8007. 1543 . 64 51842 • . 00621 
.89 
• 30 3 E +0 2 14 . 06 5859 . 3172 . 703.15 41497 • 
. 00893 (.,_ . 03253 138 . 00 30 .o .99 c 
1.0 
. 03253 122.50 30 . 0 . l31E +0 2 12.48 5201. 28 16 . 536 . 78 36 8 36 . .00865 
.93 
.; 
TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONTJ 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SO CM 8VID F DRAG RATIO 
.03253 101.00 30 .o .137E+02 10.29 4288. 2321. 317.38 30371. .00152 .76 
.03253 74.10 30.1 .910E+01 7.55 3146. 1703. 210.73 22 282 . .00928 • 86 
.03253 165.30 30 .o .418E+02 16.84 701 8. 3799. 969.40 49706. .00858 1.00 
.03253 184.00 30.0 • 484E+02 18.75 7812. 4229. 1122.43 55 329 . .00802 . 97 
.03253 206.00 30 .o .564E+02 20.99 8746. 4 735. 1307.36 61945. . 00745 .93 
.03253 230.00 30.0 .648E+02 23.44 9766. 5287. 1501.24 69162. .00686 • 88 
.03253 251.00 30.0 • 727E+02 25.58 10657. 5770. 1684.06 75477. .00646 . 85 
.03253 275.00 30.0 .804E+02 28.02 11676. 6321. 1863.37 82694. .00596 • 80 
.03253 297.00 30.0 .872E+02 30.27 12610. 6827. 2019.58 89309. .00553 .76 
.03253 324.00 30.0 .937E+02 33.02 13 75 7. 7448. 2169.98 97428. .00500 • 70 
• 03253 336.00 30.0 .997E+02 34.24 14266. 7724. 2309.51 101037 • .00494 .70 
.03253 351.00 30.0 .l04E+03 35.77 14903. 8068. 2422.57 105547. .00475 .68 
RUN 37 9000 PPM PMMA G IN TOLUENE 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V to F DRAG RATIO 
• 06290 180.50 30.0 .220E+01 4.92 3964 • 1563. 98.80 7512. .01024 1.02 
• 06290 166.00 30.0 • 202E+O 1 4.52 3646. 1438 • 90.44 6909. .o 1109 1.08 
.06290 142.00 30.0 .172E+Ol 3.87 3118. 1230. 77.39 5910. .01297 1.20 
.06290 119.50 30 .o .141E+01 3.25 2624. 1035 .• 63.28 4973. .01497 1.31 
• 06290 93.00 30.0 • 111E+Ol 2.53 2042. 805 • 49.87 3870. .01948 2.48 
• 06290 68.80 30.1 .818E+OO 1.87 1510. 595 • 36.62 2863. .02615 2.46 
.06290 52.00 29.8 .618E+OO 1.41 1142. 450. 27.67 2164. .03458 2.46 
• 06290 34.50 29.9 .411E+OO .94 757. 298 • 18.40 1435. .05224 2.47 
.0.4624 121.50 30.0 .465E+01 6.13 3629. 1431. 153.25 12724. .01025 .99 
.04624 107.50 30.0 .410E+O 1 5.42 3211. 1266. 135.15 11258. .01154 1.08 
.04624 90.50 30.0 • 352E+01 4.56 2703. 1066. 115.95 9478 • .01397 1.24 
.04624 74.80 30.0 • 291E+O 1 3.77 2234. 881. 95.94 7833 • .01693 1.41 
.04624 58.20 30.0 • 230E+O 1 2.93 1738. 685. 75.85 6095 • .02211 2.40 
.04624 41.50 30.0 • 163E+01 2.09 1239. 489. 53.90 4346 • .03090 2.39 
.04624 26.90 29.9 • llOE+Ol 1.35 803 • 317. 36.20 2817. .04939 2.48 
.04624 14.96 29.9 • 613E+OO • 75 446 • 176. 20.17 1566. .08902 2.48 




TABLE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAPILLARY VISCOMETRY UNIT (CONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT /SEC N-RES GEN-RE OYNES/SQ CM 8V/O F DRAG RATIO 
.10326 126.50 30.0 .398E+OO 1.28 1692. 667. 14.77 1190. .02265 2.39 
.10326 103.50 30.0 .325E+OO 1.04 1384. 546. 12.07 973. .02767 2.39 
.10326 86.90 29.9 .274E+OO .87 1162. 458. 10.18 817. .03310 2.40 
.10326 69.80 30.1 • 220 E+OO • 70 933. 368. 8.16 656. .04110 2.39 
.10326 168.00 30.1 .530E+OO 1.70 2247. 886. 19.66 1580. .01709 1.43 
.10326 51.40 30.0 .167E+OO • 52 687. 271. 6.20 483. .05759 2.47 
J .06290 540.00 30 .o .165E+02 14.72 11860. 4678. 739.71 22475. .00857 1.16 
.06290 510.00 30.0 .150E+02 13.90 11201. 4418. 675.62 21226. .00877 1.17 
.06290 480.00 30 .o .137E+02 13.09 10542. 4158. 613.81 19978. .00900 1.18 
.06290 449.00 30.1 .123E+02 12.24 9860. 3889. 552.27 18688. .00925 1.19 
.06290 420.00 30 .o .109E+02 11.45 9224. 3638 • 488.73 17480. .00936 1.18 
• 06290 387.00 30.0 .959E+01 10.55 8500. 3352 • 429.38 16107. .00968 1.20 
• 06290 357.00 30.0 .824E+01 9.73 7841. 3092 • 369.21 14858. .00979 1.18 
• 06290 324.00 30.0 .694E+01 8.83 7116. 2806 • 310.81 13485. .01000 1.18 
.06290 294.00 30.0 • 530E+01 8.01 6457. 2547. 237.29 122 36. .00927 1.06 
.06290 264.00 30.1 .366E+01 7.19 5797. 2286. 164.28 10988. .00796 • 88 
.06290 309.00 30.0 .623E+Ol 8.42 6786. 2677. 279.10 12861. .00987 1.15 
.06290 278.00 30.0 .428E+Ol 7.58 6106. 2408 • 192.01 U57o. .00839 .94 
.06290 229.50 30.0 • 287E+O 1 6.25 5040. 1988 • 128.82 9552. .00826 .88 
.04624 360.00 29.8 • 300E+02 18.16 10757. 4243 • 989.38 37703. .00753 .99 
.04624 330.00 30.1 • 267E+02 16.64 9857. 3888. 881.59 34561. .00799 1.03 
.04624 301.00 30.1 • 235E+02 15.18 8991. 3546. 775.82 31524 • .00845 1.06 
.04624 271.00 30.1 .203E+02 13.67 8095. 3193. 668.85 28382. .00899 1.09 
• 04624 244.00 30.1 .168E+02 12.31 7288. 2874 • 556.13 25554. .00922 1.09 
• 04624 219.00 30.1 • 128E+02 11.04 6541 • 2580 • 423.11 22936. .00871 1.00 
• 04624 190.00 29.9 • a 49E+01 9.58 5676. 2239 • 279.64 19899 • .00764 • 84 
.04624 159.50 30.0 .638E+01 8.04 4765. 1879. 210.02 16704. .00815 .85 
.04624 387.00 29.9 .337E+02 19.52 11562. 4560. 1112.45 40531. .00733 .98 
.04624 414.00 30.1 • 384E+O 2 20.88 12366. 4877. 1266.58 43359. .00729 .99 
.04624 443.00 30.0 • 40 1E+02 22.35 13234 • 5220. 1320.38 46396. .00664 .92 
.04624 468.00 29.9 .427E+02 23.61 13982. 5515. 1408.10 49014. .00634 .89 
.04624 496.00 30.0 .458E+02 25.02 14817. 5844. 1510.26 51947. .00606 • 86 




TAB LE XVIII - FRICTION FACTOR DATA TAKEN IN THE CAP I LLARY VISCOMETRY UNIT ICONT) 
. 
TUBE MLS/MIN TEMP PSI/FT FT/SEC N-RES GEN-RE DYNES/SQ CM 8V 10 F DRAG RATI O 
.03253 129 . 70 30.0 . 21 7E+02 13 . 21 5507 . 2172. 504.06 39 00 1. .00725 • 79 
. 03253 154 . 00 30 . 1 • 300E+02 15 . 69 6538. 2578 • 696.14 46308 . . 00710 . 81 
. 0325 3 175 . 00 30.0 . 441E+02 17. 83 7430. 2930 . 1022.71 52623. . 00808 . 96 
• 03253 201.50 29.9 . 535E+02 20.53 8556. 33 75 • 1240 . 42 60592. .00739 .91 
. 03253 221 . 50 30 . 1 . 600E+02 22.57 9404. 3709 . 1390 . 79 66606 . . 00685 • 87 
.03253 243.00 30 . 1 .664E+02 24 . 76 10316. 4069 . 1539 . 03 73071 . .00630 . 82 
• 0325 3 267.00 30 . 0 . 732E+02 27 . 21 11 33 7. 4471 • 1695 . 71 80288. . 00575 • 76 
• 03 253 290 . 00 29.9 .789E+02 29.55 12315 • 4857 . 1828 . 43 87204 . . 00525 . 71 
.03253 312.00 29.9 • 856E+02 31.79 13249 • 5226. 1983.73 93820. . 00493 .68 
.03253 330.00 30.0 . 909E +02 33.63 14012. 5526. 2106 . 64 99232 . .00468 . 66 
.03253 338 . 00 30 . 0 .931E+02 34.44 14351. 5660 . 215 7.12 101638. . 00456 . 64 




T~BLE XIX - CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTERIZATION 
. 
RUN 1 - PURE SOLVENT TOLUENE AT 30 DEGREES C 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE DYNES/SO CM 8V/0 
. 00963 8.49 30.0 . 203E+02 
-.121E+01 . l90E+02 9 . 86 12 16. 516 . 64 98215 • 
• 00963 1 . oo 30 . 0 . 16SE+02 
-.823E+OO . 157E+02 8 . 13 100 3. 426.03 80978 • 
• 00963 5.94 30 . 0 .138E+02 -.593E+OO 
. l32E+02 6.89 851. 357.40 68716 • 
• 00963 5 . 01 30.0 .115E+02 
-.422E+OO • 1LOE+02 5 . 81 7 18 • 299 . 69 5 79 57 • 
• 00963 4 . 02 30.0 . 910E+O 1 
- . 271 E+OO .883E+OL 4.66 576. 238.99 46504. 
.00963 2. 98 30. 1 • 668 E +0 L 
-. 149E+OO • 653E+Ol 3 . 46 427 . 1 76 . 84 344 73 • 
. 00963 1. 95 30 • 0 • 4 3 1 E +0 1 - . 639E-01 
.424E+Ol 2.26 279. 114 . 90 22558 . 
.o 1331 11 . 66 30 .o . 797E+O 1 
- .628E+OO • 734E+O l 7. 10 1210. 269.92 51223 • 
• o 13 31 9 . 10 30 . 0 .603E+0 1 
-.382E+ OO • 565E+01 5.54 944. 207.63 39977 • 
.01331 7.39 30.0 .515E+Ol 
-.287E+OO • 486E+01 4.80 818. 178.71 34661 • 
• 01331 6.73 30.0 .425E+O 1 
-. 209E+OO . 404E+O l 4.09 69'8. 148.69 29565 • 
• o l331 4.53 30 • 0 • 29 2 E +0 1 
- . 948E - Ol . 282E+0 1 2.75 4 70 . 103.89 19900 • 
• o 1331 3 . l 7 30 • 0 • 20 1 E +0 1 
- . 464E-0 1 . 197E+Ol 1.93 329 • 72.48 13926 . 
• 02 32 2 21 . 84 30 • 0 • 30 7 E +0 1 
-.237E+OO 
. 283E+01 4.36 1299. 93 . 97 18063 • 
. 02322 18 . 79 30 .0 .259E+OL - . 176E+OO 
.242E+Ol 3. 75 1117 . 80 . 16 15541) . 
.02 32 2 15.50 30.0 . 213E+Ol 
-.119E+OO .201E+Ol 3.10 922. 66 . 88 12819. 
. 02322 12 . 76 30 . 0 • 1 7 1 E +0 1 
-.812E-O l . 163E+Ol 2.55 759. 54.08 10553 . 
.02 32 2 9.52 30.0 . 127E+Ol 
-.452E-Ol .123E+O l 1. 90 566 . 40 . 86 7873. 
. 0 32 53 47 . 38 30 • 0 • 3 52 E +0 1 -.290E+OO .323E+Ol 4.82 20 11. 74.83 l4247. 
. 0 3253 42.8 1 30.0 . 310E+Ol -.237E+OO 
. 287E+Ol 4 . 36 1817. 66 . 52 12873. 
. 03253 37 . 48 30 . 0 . 270E+Ol - . l81E+OO 
. 252E+Ol 3.82 1591. 58 . 47 11270. 
. 03253 3 3. 25 30.0 . 2 3SE+Ol -.l43E+OO .221E+Ol 3.38 1411. 51.21 999 8. 
. 0 3253 28.36 30 . 0 . 200£ +()1 -.104E+OO .189E+Ol 2.89 1204. 43 . 94 8528. 
.03253 25 . 18 30 . 0 • 1 7 ~E •0 l -.820E-Ol 
.l68E+Ol 2.56 1069. 39 . 06 75 71 . 
.03253 2l.~s 30.0 . 153E+01 -.623E-Ol 
. l46E•Ol 2 . 2 3 9 32. 34.02 660() . 
. 03253 18.8 5 30.0 .l31E+Ol - . 460 E- 01 .l 26E+Ol l . q 2 800. 29.29 5668 . 
.03253 15.64 30.0 .l08E+O l - . 3l6E-Ol . 10SE+Ol 1. 59 664 . 24.43 470 3. 
. 0 3253 10.89 30 . 0 .753E+OO - . 153E-Ol • 738 E+OO 1. 10 462 • 17 . 10 32 74. 
. 04624 46 . 93 30 • 0 • 8 6 2 E + 0 0 -.698E - 01 .792E+OO 2.36 1402 . 26.07 4915 . 
.04624 4l. Flb 30.0 .756E+OO - . S55E-01 • 700E+OO 2. 11 1250. 2 3. 06 43134 • 




TABLE XIX - CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONT) • 
. 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE DYNES/SQ CM BV/0 
.04624 32.15 30.0 .553E+OO 
- . 327E-01 .520E+OO 1.62 960. 17.14 3367 • 
• 04624 26.30 30.0 .457E+OO 
-.219E-01 .435E+OO 1.32 785. 14.33 2754 • 
• 04624 21.43 30.0 .361E+OO -.145E-01 .346E+OO 1.08 640. 11.40 2244 • 
• 04624 18.19 30.0 .304E+OO 
-.l04E-Ol .293E+OO .91 543. 9.67 1905 • 
• 04624 14.85 30.1 .247E+OO -.699E-02 .240E+OO .74 443. 7.92 1555. 
.04624 11.63 30.0 .195E+OO 
-.429E-02 .l91E+OO .58 347. 6.28 1218 • 
• 04624 8.40 30.0 .143E+OO 
-.223E-02 .141E+OO .42 250. 4.66 879. 
.06290 50.30 30.0 .266E+OO 
-.234E-01 • 242E+OO 1.37 1104 • 10.86 2093 • 
• 06290 35.69 30.0 .180E+OO -.llBE-01 • l68E+OO .97 783. 7.53 1485. 
.06290 29.49 29.9 .148E+OO -.806E-02 • 140E+OO • so 64 7 • 6.29 1227 • 
.06290 24.70 30.0 .123E+OO -.56SE-02 .ll8E+OO • 67 S42. S.29 1028 • 
.06290 18.45 30 .o .905E-O 1 
-.31SE-02 .874E-01 • so 405 • 3.91 76 7. 
.06290 13.20 30.0 .655E-Ol -.161E-02 .639E-Ol .35 289. 2.86 549. 
.06290 10.07 30.0 .499E-Ol -.940E-03 .489E-01 .27 221. 2.19 419. 
.06290 6.70 30.0 .332E-Ol -.416E-03 • 328E-01 • 18 147 • 1.47 278. 
• 06290 5.00 30.0 .245E-01 -.231E-03 .243E-01 • 13 109 • 1.09 208 • 
.10326 83.90 30 .o • ll5E+OO 
-.898E-02 .l06E+OO .84 1122. 3.93 789. 
.10326 55.27 29.9 • 735E-Ol -.389E-02 .696E-01 .55 739. 2.58 S20. --~- - · - - 49.85 30.0 .665E-Ol 
-.317E-02 • 633E-01 .so 666. 2.34 469 • .10326 
.10326 43.16 30 • o • s 5 s E-o 1 -.237E-02 .531E-01 • 43 577. 1.96 406 • 
.10326 36.24 30.0 .472E-Ol -.167E-02 .455E-01 • 36 484 • 1.68 340. 
.10326 30.10 30.0 .390E-O 1 -.llSE-02 .379E-01 .30 402. 1.40 283. 
.10326 26.51 30.0 .342E-Ol -.897E-03 .333E-01 .26 354. 1.23 249. 
.10326 26.51 30.0 .351E-01 -.897E-03 .342E-01 .26 354. 1.27 249. 
.10326 21.32 30.0 .278E-Ol -.SSOE-03 .273E-Ol .21 285. 1.01 zoo. 
RUN 1 - TOLUENE DATA IN THE THRUST TUBES 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT /SEC GEN-RE DYNES/SQ CM BV/0 
.01021 12.87 30.0 .256E+02 -.220E+01 .234E+02 13.31 1740. 661.04 125095. 
.01021 10.44 30 .o • 203E+O 2 -.145E+01 .188E+02 10.79 1412. 531.92 101476. 
.o 1021 8.06 30.0 .149E+02 -.866E+OO .l40E+02 8.33 1090. 397.32 78342. 




TABLE XIX- CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTERIZAllON (CONT) 
. 
TUBE MLS/MIN TEMP MAN PSI CORRECTlON PSI CORR FT/SEC GEN-RE DYNES/SO CM SV/0 
.o 1021 2.63 30 • 0 • 48 0 E +0 1 
-.922E-Ol .471E+Ol 2.12 355. 132.83 25563 • • 01338 16.80 30.0 .114E+02 
-.127E+01 .l01E+02 10.11 1733. 374.16 72535. 
.o 1338 14.46 30.0 .954E+Ol 
-.944E+OO • 859E +01 8.70 1492. 317.61 62432 • • 01338 11.75 30.0 .772E+01 
-.623E+OO .709E+Ol 7.07 1212. 262.10 50 731 • • o 1338 9.20 30.0 .593E+Ol 
-.382E+OO .554E+01 5.53 949. 204.97 39722 • • 01338 6.65 30.0 .425E+01 
-.l99E+OO .405E+Ol 4.00 686. 149.60 28712 • 
• 01338 3.87 30.0 .245E+01 
-.676E-Ol .238E+01 2.33 399. 88.10 16709. 
.01338 17.89 30.0 .125E+02 
-.144E+Ol .111E+02 10.77 1846. 411.58 77242 • 
• 01338 13.70 30.0 .904E+Ol 
-.848E+OO • 820E+Ol 8.24 1413 • 302.90 59151. 
.01338 10.75 30.0 .691E+Ol 
-.522E+OO 
.639E+Ol 6.47 1109. 236.14 4641-4 • 
• 01338 7.69 30.0 .493E+Ol 
-.267E+OO 
.466E+Ol 4.63 793. 172.42 33202. 
• 02325 31.40 30.0 .262E+01 
-.488E+OO 
.213E+Ol 6.26 1865. 137.37 25852 • 
• 02325 25.95 30.0 • 20 1 E +0 1 
-.333E+OO .168E+01 5. 17 1541. 108.22 21365 • 
.02325 20.81 30 • 0 • 157 E +0 1 
-.214E+OO 
.l36E+01 4.15 1236. 87.68 17133. 
• 02 32 5 16.10 30.0 .117E+01 
-.128E+OO 
.104E+01 3.21 956 • 67.29 13255. 
.02325 12.52 30.0 .920E+OO 
-.777E-01 .843E+OO 2.49 743. 54.16 10308. 
.02325 6.50 30.0 .457E+OO 
-.209E-Ol .436E+OO 1.29 386. 28.06 5351. 
.03282 46.64 30.0 .117E+01 
-.271E+OO 
.150E+Ol 4.66 1962. 70.61 13655. 
.03282 41.80 30.0 .155E+Ol 
-.218E+OO .134E+01 4.18 1759. 62.78 12238. 
.03282 36 . 50 30.0 .135E+01 
-.166E+OO .118E+01 3.65 1536. 55.56 10686. 
.03282 31.52 30.0 .113E+Ol 
-.124E+OO .101E+01 3.15 1326. 47.46 9228. ...... , . ....-
.03282 26.40 30.0 .940E+OO 
-.870E-Ol 
.852E+OO 2.64 1111. 39.93 7729. 
.03282 21.50 30.1 • 748E+OO 
-.577E-Ol 
.691E+OO 2.15 904. 32.35 6294. 
.03282 16.61 30.0 .569E+OO 
-.344E-01 .534E+OO 1.66 699. 25.03 4863. 
.03282 11.70 30.0 .395E+OO 
-.171E-Ol .377E+OO 1.17 492. 17.69 3425. 
.03282 8.29 30 .o • 284E+OO 
-.858E-02 e276E+OO • 83 348. 12.94 2427 • 
.04646 50.85 30.0 .490E+OO 
-. 805E-Ol .410E+OO 2.54 1511. 26.78 5250. 
.04646 43.48 30.0 .414E+OO 
-.588E-01 .356E+OO 2.11 1292. 23.25 4489. 
.04646 36.77 30.0 .343E+OO 
-.420E-Ol .300E+OO 1.83 1093. 19.65 3796. 
.04646 30.50 30.0 .282E+OO 
-.289E-Ol .253E+OO 1.52 906. 16.52 3149. 
.04646 23.10 30.0 • 204E+OO 
-.166E-Ol • 187E+OO 1. 15 686 • 12.24 2385. 
.04646 16.38 30.1 .l43E+OO -.835E-02 .135E+OO .81 486. 8.84 1691. 




TABLE XIX - CAPI LLA RY VISCOMETRY DATA FOR RHEOLOG ICAL CHARACTERIZATION (CONTJ 
. 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE DYNES/SQ CM 8V/O 
. 06 137 53.38 30.0 . 165E+OO 
- . 291E-Ol . 136E+OO 1.52 1201 . 12 .o 3 2392 • 
• 06137 48.1 1 30 . 0 .147E+OO 
- . 236E- Ol .123E+OO 1. 37 1083. 10 . 86 2156 • 
• 06137 42 . 99 30 . 0 . 131E+OO 
-.189E- Ol .112E+OO 1. 23 967. 9.91 1926 • 
• 06137 39 . 68 30.0 . 121E+OO 
- .1 61E-01 .lOSE+OO 1. 13 893. 9.32 1778 • 
• 06137 36.30 30 . 0 . lllE+OO 
-. 134E- 01 . 983E- Ol 1. 04 817. 8 . 65 1626 • 
• 06 137 31 . 50 30.0 . 945E-0 1 
- . 10 1E-01 • 843E-01 .90 709 • 7.42 1411 • 
• 06137 26.72 30 .o • 799E-O 1 
- .730E-02 .726E-01 .76 601. 6.39 1197. 
RUN 4 - 4600 PPM POLYSTYRENE 240000 IN TOLUENE 
TUBE MLS/M IN TEMP HAN PSI CORRECTION PSI CORR FT / SEC GEN-RE OYNES/SQ CM 8V/O 
.04624 42.51 29 . 9 .782E+OO 
-. 573E-Ol . 725E+OO 2. 14 877. 23 . 87 4452 • 
• 04624 29.41 29 . 9 .532E+OO 
-. 274E-01 . 504E+OO 1.48 606 . 16 . 61 3080. 
. 04624 23 . 57 30.0 . 404E+OO 
- .176E- 01 . 386E+OO 1. 18 486. 12. 71 2468. 
. 04624 15.53 30.0 . 288E+OO 
- .765E- 02 . 281E+OO • 78 320. 9 . 25 1626 • 
. 06290 51 . 54 29 . 9 . 289E+OO 
- .246E-01 .265E+OO 1. 40 781. 11.87 2145 . 
.06290 36.19 29 . 9 . 198E+OO 
- .121E-Ol .186E+OO • 98 549 . 8.32 1506 • 
• 06290 28 . 15 30 . 0 .150E+OO 
-. 734E-02 . 142E+OO . 76 427. 6.39 1171 • --· ·· ~ 
.03253 25 . 96 30 . 0 .187E+Ol -.872E-Ol . 178E+01 2 . 64 761 . 41.31 7806. 
• 03253 16 . 98 30 • 0 • 121 E +0 1 
-. 373E-Ol • 117E+01 1. 73 497 • 27 . 24 5105 • 
.02322 20 . 84 30.0 .299E+Ol - . 216E+OO . 278E+O l 4 . 16 856. 92.12 17236. 
.02322 12 . 83 30.0 .177E+O 1 -. 821E- 01 .169E+Ol 2.56 527 . 56.03 1061 1. 
.o 1331 10 . 52 30 .o • 740E+O 1 -. 511E+OO .689E+01 6.40 754 . 253. 31 46215. 
. 01 33 1 7.67 30.0 .517E+01 - . 272E+OO . 490E+01 4 . 67 549 . 180.24 33695 . 
. 00963 3. 55 30 . 0 . 792E+Ol 
-. 211E+OO . 770E+0 1 4.12 351. 208.54 41067. 
. 00963 6 . 10 30.0 . 139E+02 -.625E+OO .133E+02 7.08 603 . 359.77 70567 . 
. 00963 8 . 22 30 . 0 . 195E+02 -.113E+01 . 184E+02 9.54 813. 498.25 95091. 
RUN 5 - 9400 PPM POLYSTYRENE 240000 IN TOLUENE 
TUBE MLS/M IN TEMP HAN PSI CORRECTION PSI CORR FT/SEC GEN-RE DYNES/SO CM 8V/O 
.06290 51.66 30.0 • 547E+OO - . 247E-Ol • 522E+OO 1. 40 556. 23.39 2150 • 




- -- - - ·- -- -- ·- ... _ , __ _ 
TABLE XIX - CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTERIZATION ICONT} 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE DYNES/SO CM 8V/O 
.06290 27.90 30.0 . 292E+OO -.721E-02 .285E+OO .76 300. 12.77 1161. 
.04624 42.75 30 .a .1S8E+O 1 -.579E-01 .1S2E+Ol 2.1S 626 • S0.31 4477. 
• 04624 29.42 30.0 .108E+Ol -.274E-01 .10SE+01 1.48 431 • 34.78 3081. 
• 04624 24.Sl 30.1 .897E+OO -.190E-01 • 878E+OO 1.23 359 • 28.92 2566 • 
• 03253 24.03 30. 1 • 328 E+O 1 -.747E-01 .321E+01 2.44 sao. 74.39 7225. 
.03253 11.59 30 • l • 2 4 3 E +0 1 -.400E-Ol .239E+Ol 1.79 366. S5.36 5289 • 
• 03253 11.36 30.0 .156E+Ol -.167E-01 .15SE+01 1.1S 236. 35.96 .. --·3416 • 
.02322 20.80 29.8 • 599E+O 1 -.215E+OO .578E+Ol 4.16 607. 191.52 1720 3. 
.02322 14.42 29.9 .4llE+01 -.103E+OO • 400E+01 2.88 420 • 132.76 11926 • 
• 02322 6.48 29.9 .185E+Ol -.209E-Ol .183E+Ol 1.29 189. 60.72 5359. 
.01331 7.50 30.0 .101E+02 -.260E+OO .991E+01 4.56 381. 364.29 32948. 
.01331 10.33 30.0 .140E+02 -.493E+OO .135E+02 6.29 525. 497.48 45380. 
.00963 6.74 30.0 .307E+02 -.763E+OO • 300E+02 7.82 473. 812.46 77970 • 
.00963 5.66 29.9 .261E+02 -.S3BE+OO .2S5E+02 6.57 397. 691.84 65476. 
.00963 3.37 30.0 .1S9E+02 -.190E+OO .1S7E+02 3.91 236. 427.22 38985. 
- - - - -··-- .10326 34.62 29.9 .101E+OO -.153E-02 .994E-Ol .35 227. 3.68 325. 
.10326 26.26 30.1 .751E-Ol -.880E-03 .742E-Ol • 26 172. 2.75 247 • 
. ...!..10326 21.3S 30.0 .610E-Ql -.581E-03 .604E-01 .21 140. 2.23 zoo. 
- - -
- --· ;'!i- -1 ii~--- - ·-- ·--
.10326 17.06 30.0 .493E-Ol -.371E-03 .489E-01 1.81 160 • 
. 
• 10326 11.62 30.1 • 336E-O 1 -.172E-03 .33SE-Ol .u 76. 1.24 109 • 
.10326 101.00 30.0 .299E+OO -.130E-01 .286E+OO 1.02 662. 10. ·6o . 950. 
·- -
.10326 66.95 29.9 .197E+OO -.572E-02 .192E+OO .67 ·-- - 439. 7.12 -- 629. 
.10326 50.20 30.0 .14SE+OO -. 321E-02 • 142E+OO .so 329 • 5.28 472. 
• 10326 84.73 30.0 .2SOE+OO -.916E-02 .241E+OO .as 556. 8.94 797 • 
-
RUN 6 - 3.72 PER CENT PO~YSTYRENE 240000 IN TO~UENE 
--- TUBE MLS/MIN TEMP MAN PSI CORR ECT ION PSI CORR FT/SEC GEN-RE OYNE~/SQ CM 8V/O 
.06290 556.00 30.0 .2S7E+02 -.286E+Ol .229E+02 1S .16 1380. 1025.83 23141. 
• 06290 490.00 30.0 .227E+02 -.222E+Ol . 205E+02 13.36 1217. 918.09 20394 • 
• 06290 407.00 29.9 . 186E+02 -.153E+Ol .170E+02 11.09 1010. 764.68 16939 • 
• 06290 326.00 30.0 .146E+02 -.9 85E+OO .l36E+02 8.89 809. 613.25 13S68 • 1M ..... 
.06290 277.00 29.9 .1 24E+02 -. 711E+OO • ll7E+02 7.55 688. S24.92 llS29. ~ 
· ~- ·-- - -- - -1- i - -
TABLE XIX - CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONT) 
TUBE MLS/MIN TEMP MAN PSI CORRECT ION PSI CORR FT/SEC GEN-RE DYNES/SQ CM 8V/D 
.06290 204.50 30.0 .903E+Ol -.387E+OO .864E+01 5.57 507. 386.93 8511. 
.06290 84.50 29.9 .365E+Ol -.661E-Ol .359E+01 2.30 209. 160.84 3517. 
.06290 100.20 29.9 .436E+Ol -.930E-01 • 427E+Ol 2.73 248 • 191.38 4170 • 
• 06290 51.70 30 • 0 • 2 2 3 E +0 1 -.247E-01 .221E+01 1.40 128 • 99.08 2151. 
• 06290 36.55 29.9 .161E+01 -.123E-01 .160E+Ol • 99 90. 71.68 1521 • 
.06290 28.00 29.9 .125E+Ol -.726E-02 .124E+Ol • 76 69. 55.88 1165 • 
---
--
.10326 564.00 30.0 .670E+Ol -.406E+OO • 629E+01 5.70 853. 233.36 5306 • 
.10326 497.00 30 .1 • 59 3 E+O 1 -.315E+OO .561E+Ol 5.02 751. 208.20 4676. 
.10326 411.00 29.9 .491E+Ol -.215E+OO .469E+01 4.15 621. 174.09 3867. 
.10326 330.00 30. 1 • 391 E+O 1 -.139E+OO • 377E+01 3.33 499. 139.76 3104 • 
.10326 247.00 3 0 • 0 • 2 8 8 E +0 1 -.778E-01 • 281E+01 2.49 373 • 104.20 2324. 
.10326 165.00 30.0 • 191 E+O 1 -.347E-01 • 188E+Ol 1.66 249. 69.76 1552 • 
.10326 116 .oo 30.1 .135E+01 -.171E-Ol .134E+01 1.17 175. 49.70 1091. 
.10326 85.00 30.0 .987E+OO -.922E-02 • 978E+OO .86 128 • 36.26 799. 
.10326 50.70 30.1 .587E+OO -.328E-02 .584E+OO .51 76. 21.64 477. 
• 10326 56.75 29.9 .671E+OO -.411E-02 .667E+OO .57 85 • 24.74 533. 
.10326 41.33 30.0 • 488 E+OO -.218E-02 .486E+OO • 41 62. 18.02 388 • 
• 10326 36.37 30.0 .429E+OO -.l68E-02 .428E+OO .36 55. 15.87 342 • 
.10326 30.57 30.0 .360E+OO -.ll9E-02 
- -- - - - - 13~29 - 287. .358E+OO • 30 46 • 
.10326 26.25 30.0 .312E+OO -.879E-03 • 311 E+OO .26 39. 11.54 246. 
.10326 21.17 30.0 .252E+OO -.572E-03 .252E+OO .21 32. 9.34 199. 
.10326 16.25 30.0 .194E+OO -.337E-03 .193E+OO • 16 24. 7_.18 152 • 
.10326 11.53 30.0 .137E+OO -.l69E-03 .137E+OO . u 17. 5.07 108 • 
.10326 6.67 29.9 • 784E-O 1 -.568E-04 .783E-01 .06 10. 2.90 62. 
- ·---·-- --
-~ - - ·- ........ 
RUN 11 - 500 PPM PIB L-80 IN CYCLOHEXANE 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE DYNES/SQ CM 8V/0 
.04624 43.39 24.9 .139E+01 -. 540 E-O 1 .134E+Ol 2.18 608. 44.14 4544. 
.04624 28.83 25.1 .947E+OO -.238E-01 • 923E+OO 1.45 404 • 30.40 3019. 
.04624 24.20 25.0 .786E+OO -.l68E-Ol • 769E+OO 1.22 339 • 25.34 2534. 
.04624 15.91 25.0 .522E+OO -. 726E-02 • 515E+OO .80 223 • 16.97 1666. w ~ 
.06290 52.08 25.0 .524E+OO -.227=- ; 1 .502E+OO 1.42 537. 22.48 2167. 0\) 
TABLE XIX - CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHAR ACTE RIZATION CCONT) 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE OYNES/SQ CM 8V/O 
.06290 35.90 25.0 .367E+OO -.108E-01 .356E+OO .97 370. 15.94 1494. 
.06290 27.60 25 . 0 .280E+OO -.638E-02 .274E+OO .15 284. 12.28 1148. 
.03253 23.82 25.0 • 320E+O 1 -.664E-01 .313E+01 2.42 474. 72.62 7162. 
.03253 17.32 25.1 .237E+01 -.351E-01 . 233E+01 1.76 345. 54.09 5208. 
• 03253 11.01 2 5 • 1 • 151 E +0 1 -.141E-01 .150E+01 1.12 219. 34.85 3310 • 
.02322 20.22 25. 1 • 527 E+O 1 -.l84E+OO .509E+01 4.04 564. 168.60 16 72 3. 
- --·-
.02322 13.83 2 5 • 1 • 3 61 E +0 1 -.863E-01 .352E+01 -2. 76 386. 116.73 11438. 
.02322 6.25 25 .0 . 163E+O 1 -.176E- 01 .162E+Ol 1.25 174. 53.66 5169. 
.00963 5.58 25.0 . 222E+02 -.473E+OO .217E+02 6.48 375. 588.50 64551. 
.00963 4.68 25 .0 .187E+02 -.333E+OO .184E+02 5.43 314. 499.06 54139. 
.00963 2.77 25.0 .ll2E+02 -.ll6E+OO .111E+02 3.21 186. 301.95 32044. 
.10326 35.50 24 . 9 .918E-01 -.145E-02 .903E-Ol .35 223. 3.34 334. 
--~ 
- :695E-O l - 2. 57 - 248. • 10326 26 . 36 24.9 • 704E-O 1 -.802E-03 .26 165 • 
• 10326 21.33 24.9 • 569E-O 1 -. 525E-03 .564E-Ol .21 133 • 2.09 200. 
.10326 17.48 25 . 0 . 484E-Ol -.352E-03 .480E-01 .17 109. 1.78 164. 
.10326 100.70 25.0 .266E+OO -.11 7E-O 1 . 255E+OO 1.01 632. 9.45 947. 
.10326 82.30 25.0 . 223E+OO - .782E-02 .216E+OO . 83 516. 8.01 774. 
• 10326 66 . 27 24.9 .177E+OO -. 507E-02 .172E+OO .67 416. 6.39 623 • 
24.9 .132E+OO -- 307. 4.79 ···· - - ··--.10326 49.00 -.277E-02 • 129E+OO . 49 461 • 
.04624 42.70 25 . 0 .147E+Ol -. 523E-O 1· .l42E+01 2.15 598. 46.91 4472. 
.04624 24 . 20 24. 9 .840E+OO -.168E-Ol • 823E+OO 1.22 339. 27.09 2534 • 
• 06290 35.55 25 . 0 .379E+OO -.105E-01 .368E+OO .96 366. 16.49 1479 • 
• 06290 51.36 25.0 .542E+OO -. 221E-Ol .520E+OO 1.40 529. 23 . 29 2137 • 
.06290 27.52 25.1 . 291E+OO -.635E-02 .285E+OO .75 283 . 12.77 1145. 
.04624 85 .00 25.0 .306E+Ol -. 207E+OO .285E+Ol 4.28 1192. 94. 12 8902. 
.04624 67.80 25 . 1 . 23 6E+Ol -.131E+OO . 223E+Ol 3.42 950. 73.54 7100 . 
.04624 52 . 00 2 4. 9 • 111 E +0 l -.776E- Ol .l63E+01 2 . 62 729. 53.91 5446. 
.06290 118.50 25 . 1 .l25E+Ol -.ll7E+OO • ll3E+Ol 3.23 1221 • 50.76 4932. 
.06290 77 . 50 25 . 0 .776E+OO -. 503E-Ol • 726E+OO 2.11 799. 32.50 3225. 
.06290 52 . 00 25.1 .507E +OO -. 226E-Ol . 484E+OO 1. 41 536 . 21 . 68 2164 • 
.0&137 51.79 25 . 0 . 3l5E+CO -. 248E- ·Jl • 290E+OO 1.48 547. 25 . 57 2321 • 
. Ob 137 3d . -15 25 . ') . 23Q:: · ·:1 -. 1.:. 1~ ~- ·) 1 • 225!:+":' 1.11 411. 19.84 1745. 
""" ..... 
. 0&137 3 1 . ~a 25 . ~ . :)~= · ='} -. ~ 2 G. =- )2 • i~2E + ~ .90 333, 1&.92 1416. \0 
- ----- ____ , _______ , 
TABLE XIX - CAPILLARY VISCOMET~Y DATA FOR RHEOLOGIC AL CHARACTERIZATION l CONT) 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE OYNES/SQ CM 8V/0 
.04646 44.82 25 . 0 .825E+OO -.565E-Ol . 768E+OO 2.24 625. 50.19 4628. 
.04646 29.60 25.0 .556E+OO -. 246E-Ol .531E+OO 1.47 413. 34.70 3056. 
.04646 23.49 25.0 . 517E+OO -.1 55E-Ol .501E+OO 1.11 327. 32.78 2425. 
.04646 16.50 25 . 0 . 345E+OO -.766E-02 • 33 7E+OO .82 230. 22.04 1703 • 
.03282 26.05 25.0 .174E+01 -.767E-01 .166E+01 2.60 514. 77.91 7626. 





.03282 18.40 25 . 0 . 125E+01 -.382E-01 .121E+Ol 1.84 363. 57.11 5387. 
.02325 22.18 25.0 • 286E+O 1 -. 220E+OO • 264E+0 1 4.42 618. 169.71 18261 • 
.02325 14.16 2 5 • 0 • 19 4 E +0 1 -.899E-Ol • 185E+Ol 2 .82 394. 119.04 11658 • 
.02325 7. 30 25.0 . 99 1E+OO -.239E-01 • 96 7E+OO 1.45 203. 62. 16 6010. 
.01338 8.11 25.0 .956E+O 1 -.268E+OO .929E+O l 4.88 392. 343 . 45 35015. 
~-·01338 
--
5.42 25 .o • 635E+O 1 -.1 20E+OO .623E+Ol 3. 26 262. 230.31 23401 . 
.01021 7.92 25.0 . 287E+02 -. 756E+OO • 279E+02 8.19 502 • 789.49 76982. 
.o 1021 6.16 2 5 • 1 • 2 2 3 E +0 2 -.457E+OO . 218E+02 6.37 391. 616 .8 1 59874. 
.o 1021 4.15 25. 1 • 151 E+O 2 -. 207E+OO .l49E+02 4.29 263. 421.00 40337. 
--,:--... -- -·-
RUN 12 - 1000 PPM PIS L-80 IN CYCLOHEXANE 
-TUBE MLS/MIN- TEMP MAN PSI - -CORRECTION PSI CORR - -FT /S EC"- GEN- RE -- -tlYNE"S/ SQ CM - 8V/D 
.06290 162.00 25.1 .201E+01 -.220E+OO .179E+Ol 4.41 - 1488. 80.37 6742. 
.06290 137.50 25.0 .166E+01 -.158E+OO .150E+01 3 . 74• 1263. 67.52 5722. 
-- -
.06290 114.00 25 . 1 .135E+01 -.10 8E+OO .124E+01 3.10 104 7 . 55.56 4744. 
.06290 74.20 25.0 .8 39E+OO -.461E-01 .793E+OO 2.02 681. 35.50 3088. 
.06290 49 . 10 25.0 .534E+OO -. 202E- Ol .513E+OO 1.33 451. 23 .00 2043. 
25.1 .558E+OO -. 2lOE-01 1.36 460. , __ 24.04 ·- - 2085. .06290 50 . to • 53 7E+OO 
.06290 34.75 25 .0 • 390 E+OO -.lOlE-01 .380E+OO • 94 319. 17 . o 1 1446 • 
.06290 26.90 25 . 0 • 298 E+OO -. 606E- 02 . 292E+OO • 73 247 • 13.09 1119. 
.04624 115.00 25 . 0 . 448E+Ol -. 379E+OO . 410E+Ol 5. 8o 1437. 135. 20 12044 . 
.04624 82 . 80 2 5 • 1 • 311 E +0 1 -.196E+ OO . 291E+01 4 .17 1034. 96.05 86 71. 
. 04624 48.90 25.0 . 180E+Ol - . 686E- Ol • 173E+Ol 2 . 46 611 . 57.13 5121 • 
-- ---
. 04624 38 . 95 2 s • o • l4a e +O 1 - . 435E- IJ 1 .144E+01 1. 96 486. 47 . 40 4079. 
.04624 26.5 0 25.0 . 10lE+Ol -. 2C 1 - IJ 1 • 998E+OO 1.33 331 • 32 . 86 2775. ~ N 
e046 2L 21 . 8 ') 2"' . 9 . 843C.+oo -. 136 - 01 • 330E +OO 1. 09 212. 27.32 2283 . 0 
TABLE XIX - CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONT) 
TUBE MLS/MIN TEMP MAN PSI CORRECT ION PSI CORR FT/SEC GEN-RE OYNES/SQ CM 8V/O .. --· . -. ~ 
.04624 14.30 25.1 .563E+OO -.586E-02 .557E+OO • 12 178. 18.35 1497 • 
.10326 3 3.60 25.0 .980E-Ol -.130E-02 .967E-01 • 34 188 • 3.58 316 • 
• 10326 25.52 25.0 .737E-Ol 
-.752E-03 .730E-Ol .25 142. 2.70 240. 
.10326 20.50 24.9 • 594E-O 1 
-.485E-03 .589E-Ol • 20 114. 2.18 192 • 
.10326 17.64 25.1 .495E-01 -.359E-03 .492E-Ol .17 98. 1.82 165. 
. . _.10326 101.00 25.1 • 300E+OO 
-.117E- 01 .289E+OO 1.02 565. 10.71 950 • 
• 10326 84.50 25.0 .251E+OO -.824E-02 .243E+OO .85 473 • 9.03 795. 
• 10326 67.90 24.9 .l98E+OO 
-.532E-02 .l93E+OO • 68 380 • 7.16 638. 
• 10326 50.00 25.0 .146E+OO 
-.288E-02 .143E+OO .so 279 • 5.32 470 • 
• 03253 21.68 25.1 .331E+01 -.550E-Ol • 325E+Ol 2.20 385 • 75.37 6519. 
• 03253 16.10 24.9 .239E+Ol -.303E-01 .236E+01 1.64 286 • 54.75 4841. 
• 03253 10.40 25.0 .158E+01 -.126E-01 .157E+01 1.05 184. 36.43 3127. 
.03253 25.0 • 651 E+O 1 -.215E+OO .629E+01 -42.93 4.37 762. 145.80 12909. 
• 03253 59.20 2 5 • 0 • 8 8 6 E +0 1 -.410E+OO .845E+01 6.03 1051. 195.84 17801 • 
.03253 75.10 25.0 .114E+0 2 -.660E+OO .l08E+02 7.65 1334. 250.23 22582. 
• 02322 18.30 25 .o • 536E+O 1 -.151E+OO .520E+01 3.66 455 • 172.51 15135. 
.02322 12.45 24.9 .375E+Ol -.699E-Ol .368E+01 2.49 309. 122.03 10 297. ~0232 2 5.60 25.0 .169E+Ol -.141E-Ol .167E+01 1.12 139 . 55.58 4631. 
• 01338 5.60 25 .0 • 7 48 E+O 1 
-.12BE+OO • 735E+Ol 3.37 241. 271.55 24178 • 
.01338 3.92 25.0 .553E+Ol 
-.62BE-01 .547E+01 2.36 169. 202. 11 16925. 
.01021 3.06 25.0 .124E+02 -.ll2E+OO .123E+02 3.16 173. 349.02 29743. 
- .. --- .. 
.o 1021 2.55 25.0 .lOBE+02 -.784E-01 .l07E+02 2.63 144. 302.81 24785. 
.o 1021 1.50 25.0 .656E+Ol 
-.271E-01 .653E+01 1.55 84. 184.39 14579. 
.... , ___ . ·-- - - - .... . . : 
- - - · - RUN 13 - · 3000 PPM PIB L-80 IN CYCLOHEXANE 
TUBE MLS/MlN TEMP MAN PSl C O~R ECTI ON PSl CORR FT/SEC GEN-RE OYNES/SQ CM 8V/O 
.10326 159.00 25.0 .732E+ OO -.292E-Ol .703E+OO 1.60 595. 26.07 1496. 
.10326 10 2.00 25. 1 .463 E+QO -. l20 E- Ol .451E+OO 1.03 382. 16.73 959. 
.10326 87.00 25.0 .390E +OO -. 874~-02 • 381E+ OO .8a 326 • 14.14 818 • 
.10326 69 .70 25 . 0 . 309:: +l: ,:; -. 5~ 1 5 - 02 • 304E+OO • 70 261 • 11.27 655 • 
.103 26 52 .10 25 . 0 . 23t= .. ·)0 -. 313=- oz . 228E +00 • 52 195. 8.46 490. w N 
.10326 3 2 . 9 3 25 . 1 . 15Li: • Q0 -. l25E- ~2 .l SOE +OO . 33 12 3. 5.56 309. """ 
TABLE XIX -CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONTI 
. 
TUBE MLS/MIN TEMP MAN P Sl CORRECTION PSI CORR FT /SEC GEN-RE DYNE S/SQ CM SV/0 
.06290 179 . 50 25 .o • 340E+O 1 
- . 270E+OO . 313E+01 4.89 1104. 140.33 747 1 • 
• 06290 164 . 00 25.0 • 310 E +0 1 - . 225E+OO . 287E+01 4.47 1008. 128 . 81 6825 • 
• 06290 141.50 25 . 1 .262E+01 
-. 167E+OO . 245E+01 3. 85 870 . l10 . 06 5889 • 
• 06290 119.00 2 5 • 0 • 215 E +0 1 - . ll8E+OO • 204E+Ol 3 . 24 732 • 91 . 35 4952 • 
• 06290 77 . 50 24.9 . 138E+01 
-. 503E-O 1 • 133E+01 2. 11 476 • 59 . 55 3225 • 
• 06290 49 . 20 25 . 0 .933E+OO -. 203E-01 .912E+OO 1.34 302. 40.86 204 7. 
. 06290 34.55 25.0 .636E+OO 
- . lOOE- 01 • 626E+OO • 94 212 • 28 . 03 1438 • 
. 06290 26 . 52 25 . 1 • 500E+OO 
-. 589E- 02 • 495E+OO .72 163. 22 . 16 1103 • 
. 04624 ll3 . 50 25 . 1 .681E+Ol - . 369E+OO • 644E+Ol 5.72 949. 212 . 15 l1887 • 
.04624 106 . 00 25 . 1 . 615E+Ol 
-. 322E+OO • 583E+Ol 5.34 886. 191 . 9 1 11101 • 
.04624 90 . 00 25 . 0 .526E+Ol 
- . 232E+OO .503E+01 4.54 753 . 16 5. 71 9425. 
• 04624 83.00 25.2 .484E+01 - . 197E+OO . 465E+Ol 4 . 18 694. 153 . 08 8692 • 
• 04624 47 . 90 25.0 • 289E+O 1 
-. 658E-01 .282E+Ol 2. 41 400 . 93.01 5016 • 
.04624 39 . 17 25 .o • 239 E+O 1 
-. 440E-01 . 235E+01 1.97 327. 77 .37 4102 . 
• 04624 26.80 25 . 0 .165E+0 1 
-. 206E-01 .163E+01 1. 35 224 • 53 . 80 2806 . 
. 04624 14 . 80 25 . 0 .908E+OO 
-.628E-02 . 902E+OO .74 123. 29.70 1550. 
- . - -·· . ··- --· ··- -· -- --. . - -
RUN 14 - 1 PER CENT PIB L-80 IN CYCLOHEXANE 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT /SEC GEN-R E OYNES/SQ CM 8V/D 
. 04624 38 . 30 25 .o • 574E+Ol -. 421E-01 .570E+Ol 1. 93 111. 187. 84 4011. 
.04624 26 . 78 25 . 0 .410E+Ol -.205E-Ol . 408E+Ol 1. 35 75. 134. 44 2804. 
. 04624 14 . 80 25 . 0 . 239E+0 1 - . 628E- 02 . 238E+Ol • 74 38. 78. 56 1550 . 
. 04624 114 . 00 25.0 . 153E+02 - .373E+OO . l49E+02 5. 75 376 . 491.37 11939. 
.04624 107 . 00 25 . 0 .l44E+02 -. 328E+OO • 140E+02 5.39 351. 464 . 01 11206 • 
.04624 90 . 00 25.0 .1 25E+02 -.232E+OO • 123E+02 4.54 289 • 406 . 34 9425 . 
.04624 83 . 50 24. 9 • 117E+02 - . 200E+OO . 115E+02 4.21 266 . 380 . 51 8745. 
. 04624 48 . 60 24.9 . 738E+01 -.678E-01 .731E+01 2. 45 145. 240.78 5089 . 
. 06290 182. 00 25.0 . 814E+0 1 -. 277E+OO .786E+01 4.96 420 . 352.06 75 75 . 
• 06290 166.00 25.0 .747E+Ol - .231E+OO • 723E+01 4 . 52 379 • 324. 10 6909 • 
. 06290 141 . 50 24. 9 • 648E+O 1 -. l67E+OO .632E+Ol 3. 85 317. 282 . 94 5889. 
.06290 118 . oo 25.0 . 547E+01 -. ll6E+OO • 535E+Ol 3. 21 259 . 239 . 94 4911 • 




TABLE XIX - CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONTJ 
. 
TUBE ML S/M IN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE DYNES/SO CM 8V/D 
.06290 50.12 2 5 • 0 • 2 50 E +0 1 -. 210E-Ol .248E+Ol 1.36 100. 111.41 2086. 
.06290 32.70 25 .o .l68E+01 
-.896E-02 .l67E+Ol .89 62. 74.93 1361. 
.06290 15.65 24.9 •. 830E+OO 
-. 205E-02 .828E+OO .42 21. 37.09 651 • 
• 06137 430 .oo 25.0 .105E+02 
-.171E+Ol .888E+01 12.32 1130. 781.92 19272 • 
• 0613 7 3 21.5 0 25.0 .776E+Ol -.956E+OO .680E+01 9.21 817. 599.15 14409 • 
• 06137 249.50 25.0 • 594E+O 1 -.576E+OO • 536E+Ol 7.14 616 • 472.50 11182 • 
• 06137 165.00 25.0 .405E+O 1 
-.252E+OO .380E+01 4.72 389. 334.89 7395 • 
• 06137 558.50 25.0 .138E+02 
-.288E+Ol .l09E+02 16.00 1511. 966.78 25031 • 
• 06137 430.00 25.0 .l04E+O 2 -.171E+01 • 872E+Ol 12.32 1130. 768.05 19272 • 
.06137 320.00 25.0 .756E+Ol -.947E+OO • 661E+Ol 9.16 813. 582.70 14342 • 
.06137 248.50 25.0 .582E+O 1 
-.571E+OO .525E+Ol 7.12 613. 462.54 11137. 
.06137 165.00 25.0 .399E+01 
-.252E+OO • 374E+01 4.72 389. 329.70 7395 • 
RUN 21 - 2.0 PER CENT PIS LMMH IN CYCLOHEXANE 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE OYNES/SQ CM 8V/D 
.06290 182.45 24.9 • 327E+O 1 -.279E+OO .299E+01 4.97 1060. 134.19 7593. 
.06290 167.00 24.9 .295E+Ol 
-.233E+OO .272E+01 4.55 971. 121.85 6950. 
.06290 143.50 25 .o .248E+O 1 
-.172E+OO .231E+01 3.91 834. 10 3. 70 5972. 
.06290 119.50 25.0 .203E+Ol - .119E+OO .191E+01 3.25 694. 85.61 4973. 
.06290 76.80 24.9 .128E+01 -.494E-Ol .123E+01 2.09 446. 55.09 3196. 
.06290 52.50 24.9 .849E+OO -.231E-Ol .826E+OO 1.43 305. 36.99 2185. 
.06290 33.55 25.0 .553E+OO -.944E-02 .544E+OO • 91 195. 24.37 1396 • 
.06290 16.20 25.0 .265E+OO -.220E-02 .263E+OO .44 94. 11.78 674. 
--- - - .. 
.04624 112. 5·0 25.0 .678E+01 -.363E+OO .641E+Ol 5.67 889. 211.28 11782. 
• 04624 103.50 25.1 .610E+01 -.307E+OO .579E+Ol 5.22 818. 190.69 10839 • 
.04624 95.50 25.1 .566E+01 -.261E+OO .540E+Ol 4.81 755. 177.79 10001. 
.04624 84.00 25.0 .501E+01 -.202E+OO .480E+01 4.23 664. 158.28 8797. 
.04624 49.30 25.0 • 295E+O 1 -.697E-01 • 288E+01 2.48 389. 95.07 5163 • 
.04624 32.50 24.9 .194E+O 1 -.303E-Ol .l91E+01 1.63 251. 63.05 3403. 
.04624 22.75 25.1 .137E+01 -.148E-01 • 136E+01 1.14 179. 44.88 2382 • 
.04624 14.30 25.0 .885E+OO -.587E-02 • 879E+OO .72 113. 28.96 1497 • 




TABLE XIX -CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTERIZATION (CONT) 
. TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN-RE OYNES/SQ CM 8V/D 
. 10326 127 . 50 25.0 . 560E+OO 
-.187E- Ol . 541E+OO 1.29 451. 20 . 07 1199 • 
• 10326 104.00 25 .1 • 457E+OO 
-.124E-Ol • 444E+OO 1.05 368. 16.4 7 978 • 
• 10326 86.80 25.0 .384E+OO 
-.870E-02 .375E+OO .87 307. 13.92 816 • 
• 10326 68.16 25.0 .306E+OO 
-. 536E-02 , 300E+OO • 68 241 • 11.14 641 • 
• 10326 50.45 25.0 .231E+OO 
- . 293E-02 . 228E+OO • 51 178 • 8.47 474. 
. 10326 33. 68 25.0 . 156E+OO 
- .1 31E- 02 . 155E+OO • 34 119 • 5.74 316. 
RUN 27- 9000 PPM PIB L-80 IN BENZENE 
TUBE MLS/MIN TEMP MAN PSI CORRECTION PSI CORR FT IS EC GEN-RE DYNES/SQ CM SV/0 
. 06290 181 . 50 2 4. 0 • 2 39 E +0 1 
-. 311E+OO . 208E+01 4 . 94 1752. 93.23 7554 . 
.06290 166 . 00 24.0 .215E+01 
- . 260E+OO .189E+Ol 4.52 1602. 84 . 62 6909. 
, 06 290 141.00 24. 1 . 179E+Ol 
- . 188E+OO .1 60E+01 3.84 1361. 71 . 90 5868, 
• 06290 118 .oo 24.0 .144E+Ol 
-. 131E+OO . 130E+01 3. 21 1139. 58 . 59 4911 • 
. 06290 85.00 24.0 .lOOE+O 1 
- .683E-Ol • 940E+OO 2 . 31 820 . 42.08 353 7. 
• 06290 51.50 23 . 9 .583E+OO 
- . 251 E-01 .558E+OO 1.40 497. 25 . 01 2143 • 
.06290 3 2.50 24. 1 • 379E+OO 
- . 999E-02 • 369E+OO ,88 313. 16 . 54 1352 . 
. 06290 15 . 20 24 . 0 . 183E+OO 
-.218E-02 . 181E+OO .41 146 . 8.10 632. 
·- - -· 
.04624 117.00 2 4. 1 • 48 1 E +0 1 
-.443E+OO . 437E+Ol 5.90 1536. 143.94 12253, 
. 04624 108 . 00 24.1 • 446E+O 1 
- . 377E+OO .408E+01 5. 44 1418 . 134.56 11311 . 
. 04624 92 . 00 24.0 .372E+Ol 
- . 274E+OO . 345E+01 4.64 1208 . 113.63 9635. 
. 04624 74 . 80 23 . 9 . 306E+01 
- . 181E+OO . 288E+01 3.77 982. 94 . 91 7833 . 
. 04624 50.30 23 . 9 • 203E+O 1 
- . 819E-Ol .195E+01 2 . 53 660 . 64.23 5268, 
.04624 32 . 65 24, 0 .133E+Ol 
-.345E-Ol .129E+01 1.64 428. 42 . 78 3419. 
. 04624 23.46 24.0 . 975E+OO - . 178E-01 .957E+OO 1. 18 308 . 31.51 2457. 
. 04624 15.90 24 . 0 .643E+OO -.819E-02 .635E+OO • so 208 • 20.91 1665. 
.10326 158.20 24. 0 . 496E+OO -. 326E-01 .463E+OO 1.60 930 . 17 . 17 1488. 
. 10326 134.00 24.0 . 413 E+OO -.234E-01 .390E+OO 1.35 788. 14.45 1260. 
.10326 103 . 00 23 . 9 . 324E+OO - . 138E-01 . 310E+OO 1.04 605 . 11 . 50 969, 
.10326 85 .70 24 . 0 .261E+OO - . 957E-02 .251E+OO . 86 504. 9.31 806 . 
. 10326 68.80 24.0 . 207E+OO -.617E-02 • 201 E+OO . 69 404 . 7. 46 647. 
.10326 51 . 10 24 . 0 . 156E+OO -.340E-02 • 152E+OO • 51 300 • 5.66 480 • 




TABLE XI X - CAPILLARY VISCOMETRY DATA FOR RHEOLOGICAL CHARACTER IZATI ON tCONT) 
. 
RUN 37 9000 PPM PMMA G IN TOLUE NE 
TUBE MLS/MlN TEMP MAN PSI CORRECTION PSI CORR FT/SEC GEN - RE DYNE S/SO CM 8V/D 
.06290 180.50 30 . 0 • 250E+O 1 - . 302E+OO . 220E+Ol 4.92 1563. 98 . 80 7512 • 
• 06290 166 . 00 30.0 • 227E+O 1 -.255E+OO .202E+01 4.52 1438 . 90.44 6909 • 
• 06290 142.00 30 .0 .191E+01 -.l86E+OO .172E+Ol 3 . 87 1230. 77.39 5910 • 
• 06290 119.50 30 . 0 .154E+O 1 -.132E+OO .141E+01 3.25 1035. 63.28 4973 • 
• 06290 93.00 30.0 .ll9E+Ol -.801E-01 . 111E+Ol 2. 53 805. 49.87 38 70 • 
• 06290 68.80 30. 1 .862 E+OO -.43BE-Ol . 818E+OO 1.87 595. 36.62 2 86 3 • 
• 06290 52.00 29.8 . 643E+OO -.250E-Ol • 618E+OO 1.41 450 • 27.67 2164 • 
• 06290 34.50 29.9 .422 E+OO -.llOE-01 .4ll E+OO . 94 298. 18.40 1435 • 
• 04624 121.50 30 .0 .512E+01 -.468E+OO . 465E+01 6 . 13 14 31. 153. 25 12724 • 
• 04624 107 . 50 30.0 .447E+01 - . 366E+OO • 410E+ 01 5.42 1266 • 135 . 15 11 25 8 • 
• 04624 90 . 50 30.0 .378E+Ol -.259E+OO . 352E+01 4.56 1066. 115.95 9478. 
.04624 74.80 30.0 • 309E+O 1 -.177E+OO .291E+Ol 3.77 881. 95.94 7833. 
.04624 58 . 20 30.0 . 241E+01 -.107E+OO . 230E+Ol 2. 93 685. 75.85 6095 • 
• 04624 41.50 30 .0 .169E+O 1 -.546E-01 • 163E+Ol 2. 09 489 • 53 . 90 4346 • 
• 04624 26.90 29 • 9 • 112 E +0 1 -. 229E-Ol • llOE+01 1.35 317. 36.20 2817. 
.04624 14.96 29.9 .620E+OO -.710E-02 .613E+OO • 75 176 • 20 .17 1566 • 
• 10326 143.50 30 .1 • 476E+OO -.262E-01 .449E+OO 1. 45 75 7. 16 . 66 1350 • 
• 10326 126 . 50 30 . 0 .419E+OO - . 204E-01 . 398E+OO 1. 28 667. 14.77 1190. 
.10326 103.50 30 • 0 • 3 39 E +00 -.136E-01 . 325E+OO 1. 04 546. 12.07 973 • 
• 10326 86.90 29.9 . 28 4E+OO -.964E-02 . 274E+OO • 87 458 • 10.18 817 . 
.10326 69.80 30 .1 .226E+OO -.621E-02 . 220E+OO • 70 368 • 8.16 656. 
.10326 168.00 30.1 . 566E+OO -. 360E-o 1 • 530E+OO 1.70 886 • 19.66 15 80 . 




TABLE XX - VELOCITY PROFILE DATA 
. 
RUN 1 - PURE TOLUENE AT 30 DEGREES CENTIGRADE 
AVERAGE VELOCITY IS 2.91 FT/SEC, FRICTION FACTOR . 00472, U* .141 FT/SEC, GE N-RE 
y TEMP DELTA PSl FT/SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 1.000 30.1 .7463E- 01 3.59 1.000 1.000 o.oo 25.3 1815 • 
• 950 30.0 .7510E-Ol 3.60 .950 1.003 
-.07 25.4 1724 • 
• 900 29.9 .7092E-Ol 3. 50 .900 .974 .64 24.7 1634 • 
• 850 30.0 .7231E-01 3.54 .850 .984 .39 24.9 1543 • 
• 8oo 30.0 .7092E-Ol 3.50 .8oo .974 .64 24.7 1452 • 
• 750 29.9 .6999E-01 3.48 .750 .968 .8o 24.5 1361 • 
• 700 30.0 .6999E-O l 3.48 .700 .968 .eo 24.5 1270 • 
• 650 30.0 .6907 E-O 1 3.45 .650 .961 .96 24.3 1180 • 
• 600 30.0 .6582E-O l 3.37 .600 .939 1.54 23.8 1089 • 
• 550 30.1 .6211E-01 3.28 .550 .912 Z.Z2 23.1 998 • 
• soo 30 .o .60Z6E-Q l 3.23 .500 .898 Z.57 2Z.7 907 • 
• 450 30.0 .5886E-Ol 3.19 .450 .888 2.83 2Z.5 817. 
.400 30.0 .5748E-01 3.15 .400 .877 3.10 22.Z 7Z6 • 
• 350 30.0 • 5748 E-01 3.15 .350 .877 3.10 Z2.2 635 • 
• 300 30.1 .54Z3E-01 3.06 .300 .85Z 3.74 Z1.6 544 • 
• Z50 29.9 .4960E-Ol 2.93 .250 .815 4.68 Z0.6 453 • 
.zoo 30.0 • 468lE-O 1 Z. 84 .zoo .791 5.27 20.0 363 • 
• 150 30.0 .4403E-01 z. 76 .150 .768 5.88 19.4 272. 
.100 30.0 .3893E-Ol Z.59 .100 .722 7.04 18.3 181. 
.oso 30.0 • 3198 E-O 1 2.35 .050 .654 a. 75 16.6 90 • 
• 040 30.0 .3245E-Ol 2.37 .040 .659 8.63 16.7 72 • 
.030 30.0 • Z966E-Ol Z.Z6 .030 .630 9.37 15.9 54. 





TABLE XX -VELOCITY PROFILE DATA (CONT) 
RUN 1 -PURE TOLUENE AT 30 DEGREES CENTIGRADE 
AVERAGE VELOCITY IS 3.22 FT/SEC, FRICTION FACTOR .00492, U* .159 FT/SEC, GEN-RE 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 
1.000 30.0 .9818E-01 4.12 1.000 1.000 o.oo 25.7 2048. 
.950 29.9 .9668E-o 1 4.09 .950 • 992 .19 25.5 1946 • 
.950 30.0 .9643E-01 4.08 .950 .991 • 23 25.5 1945 • 
.900 29.9 .9426E-o l 4.04 .900 .979 .52 25.2 1843 • 
.900 29.9 • 9618E-O 1 4.08 .900 • 989 • 26 25.5 1843 • 
.aoo 29.9 .9219E-o1 3.99 .800 .968 • eo 24.9 1638 • 
.aoo 30.1 .9277E-Ol 4.00 .800 .972 • 71 25.0 1638 • 
.700 29.9 .8826E-Q 1 3.91 .700 .948 1.33 24.4 1434. 
.700 30.0 .8993E-Ol 3.94 .700 .957 1. 10 24.6 1433. 
.600 29.9 .8327E-Q1 3.79 .600 .920 2.04 23.7 1229. 
.600 30.0 .8552E-Ol 3. 84 • 600 .933 1. 71 24.0 1229 • 
.500 30.0 .7806E-Q 1 3.67 .500 • 891 2.79 22.9 1024 • 
.500 29.9 .8052E-01 3.73 .soo • 905 2.43 23.3 1024 • 





TABLE XX - VELOCITY PROFILE DATA ICONT) 
RUN 1 - PURE TOLUENE AT 30 DEGREES CENTIGRADE 
AVERAGE VELOCITY IS 6 . 30 FT/SEC, FRICTION FACTOR .00394 , U* . 280 FT/SEC, GEN-RE 161530. 
y TEMP DELTA PSI FT I SEC Y/R U/UMAX ( UMAX-U) /U* U+ Y+ 
1.000 30 . 0 . 3289E+OO 7. 55 1.000 1.000 o.oo 26.9 3587. 
.986 30 . 0 • 3220 E+OO 7. 47 • 986 .989 • 28 26 . 6 3537 • 
. 964 30 . o .3257E+OO 7.51 .964 .994 • 13 26.8 3458 • 
. 936 30 . 0 . 3219E+OO 7.47 . 936 • 989 • 28 26 . 6 3357 • 
. 914 30 . 1 . 3112E+OO 7.41 . 914 • 982 .48 26 . 4 3278 • 
. 886 30.0 .3134E+OO 7. 37 .886 .976 .64 26 . 3 3178 . 
. 864 30 . 0 . 3172E+OO 7.41 .864 .982 • 48 26.4 3099 • 
. 836 30 . 0 • 3146E+OO 7.38 • 836 . 977 . 59 26 . 3 2999 • 
• 8 14 30.0 .3196E+OO 7. 44 
.814 . 985 .38 26 . 5 2920 • 
• 764 30 . 0 .2990E+OO 7.19 .764 .953 1. 25 25.6 2740 • 
.736 30 .o .3085E+OO 7. 31 .736 .968 . 84 26 . 0 2640. 
. 664 30 . 0 • 3003E+OO 7.21 .664 .955 1. 20 25 . 7 2382. 
.636 30.0 .2964E+OO 7.16 .636 .949 1. 36 25.5 2281 . 
. 564 30 . 0 • 2760E+OO 6.91 .564 .916 2.26 24 . 6 2023 • 
.536 30.0 • 2770E+OO 6 . 92 .536 . 917 2.21 24.7 1922 • 
.464 29 . 9 • 27 12E+OO 6.as .464 .907 2. 48 24.4 1664 • 
.436 30 . 0 .2648E+OO 6.77 .436 .897 2 . 77 24. 1 1564. 
.364 29 . 9 . 2420E+OO 6.47 .364 .857 3.83 23. 1 1305. 
. 336 30 . 0 .2405E+OO 6.45 • 336 .854 3.90 23. 0 1205 • 
.236 30 . 0 .2234E+OO 6.22 • 236 . 824 4. 73 22.2 846 • 
.136 30 . 0 .18 58 E+OO 5. 67 • 136 . 751 6. 69 20 . 2 487 • 
. 086 30 . 0 .1712E+OO 5.44 . 086 . 721 1.50 19.4 308 . 
. 036 30 . 1 . 1359E+OO 4.85 . 036 • 642 9 . 62 17.3 129 • 
. 032 30.0 .1 372E+OO 4.87 • 032 .645 9.54 17. 4 114 • 




·-· · - ... -. 
TABLE XX - VELOCITY PROFILE DATA (CONT) 
RUN 1 - PURE TOLUENE AT 30 DEGREES CENTIGRADE 
AVERAGE VELOCITY IS 6.30 FT/SEC, FRICT ION FACTOR .00394, U* . 280 FT/SEC, GEN-RE 161530 . 
y TEMP DELTA PSI FT/SEC Y/R U/UMA X (UMAX-U) /U* U+ Y+ 
.990 30.0 .3177E+OO 7.42 .990 1.000 o.oo 26.4 3551 • 
• 910 30.0 .3202E+OO 7.44 .910 1.003 
-.10 26.5 3264 • 
• 890 30.0 .3189E+OO 7.43 .890 1.001 
-.05 26.5 3192 • 
• 810 30.1 .3164E+OO 7.40 .810 .998 .05 26.4 2905 • 
• 790 29.9 • 3140E+OO 7.37 .790 .994 .15 26.3 2834 • 
• 710 30 .l .3019E+OO 7.23 .710 .974 .66 25.8 2546 • 
• 690 30.0 .2992E+OO 7.20 .690 .970 .77 25.7 2475 • 
• 610 30 .o • 2846E+OO 7.02 .610 .946 1.41 25.0 2188 • 
• 590 30.0 .2845E+OO 7.02 .590 .946 1.41 25.0 2116 • 
• 510 30.1 .2694E+OO 6.83 .510 .920 2.09 24.3 1829 • 
• 490 30.0 .2600E+OO 6.71 .490 .904 2.52 23.9 1757. 
2.47 24.0 
-1470 • .410 30.0 .2611E+OO 6.72 .410 .906 
• 390 30.0 .2526E+OO 6.61 .390 .891 2.86 23.6 1399 • 
• 310 30.0 .2351E+OO 6.38 .310 .860 3.70 22.7 1112 • 
• 210 30.1 .2167E+OO 6.12 • 210 .825 4.60 21.8 753 • 
• 110 30.2 .1811E+OO 5.60 .uo .755 6.48 20.0 394 • 
• 090 30.1 .1726E+OO 5.46 .090 .737 6.96 19.5 322 • 
• 070 30.1 .1689E+OO 5.41 .070 .729 7.17 19.3 251 • 
• 050 30.0 .1493E+OO 5.0 8 • 050 .685 8.32 18.1 179 • 
• 030 30.2 .ll66E+OO 4.49 .030 .605 10.43 16.0 107 • 
• 020 30.0 .1052E+OO 4.27 .020 .575 11.24 15.2 71. 





TABLE XX- VELOCITY PROFILE DATA (CONT) 
RUN 1 - PURE TOLUENE AT 30 DEGREES CENTIGRAD E 
AVERAGE VELOCITY IS 7.85 FT/SEC, FRICTION FACTOR .00390, U* .346 FT/SEC, GEN-RE 2010 13. 
y TEMP DELTA PSI FT/SEC Y/R U/UHAX (UMAX-U)/U* U+ Y+ 
1.000 29.9 .5060E+OO 9.36 1.000 1.000 o.oo 26.9 4442 • 
• 950 29.9 .4886E+OO 9.20 .950 .982 .46 26.5 4220 • 
• 900 30.0 .4898E+OO 9.21 .900 .983 • 43 26.5 3998 • 
.850 29.9 .4767E+OO 9.08 .850 .970 .79 26.1 3776. 
.8oo 30.0 .4946E+OO 9.25 .8oo .988 .30 26.6 3553 • 
• 750 30.0 .4922E+OO 9.23 .750 • 986 .36 26.6 3331 • 
.700 30.0 .4826E+OO 9.14 .100 .976 .62 26.3 3109 • 
• 650 30.0 .4754E+OO 9.07 .650 • 969 . 82 26.1 2887 • 
.600 30.0 .4621E+OO 8.94 .600 .955 1.19 25.7 2665. 
.550 30.0 
-- -
.4560E+OO 8.89 .550 .949 1.36 25.6 2443. 
.500 30.0 e4366E+OO 8.69 .500 .929 1.91 25.0 2221. 
.450 30.0 .4112E+OO 8.44 .450 • 901 2.65 24.3 1999 • 
.400 30.0 .lt038E+OO 8.36 .400 .893 2.87 24.1 1776. 
.350 30.0 .3855E+OO 8.17 .350 .872 3.43 23.5 1554. 
.300 30.1 .3744E+OO 8.05 .300 • 860 3.76 23.2 1332 • 
.250 30.0 .3512E+OO 7.80 .250 .833 4.49 22.4 1110 • 
.zoo 30 .o • 3361E+OO 1.63 .zoo .815 4.97 22.0 888 • 
• 150 30.0 .3197E+OO 7.44 .150 • 794 5.53 21.4 666 • 
.100 30.0 • 2845E+OO 7.02 .100 .749 6.74 20.2 444 • 




TABLE XX - VELOCITY PRO FILE DATA (CONT) 
RUN 7 - CYCLOHEXANE AT 25 DEGREES CENTIGRADE 
AVERAGE VELOCITY IS 7.22 FT/SEC, FRICTION FACTOR .00443, U* .340 FT/ SEC, GEN-RE 97390 . 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX IUHAX-U)/U* U+ Y+ 
.999 25.0 .4017E+OO 8.71 l.ooo 1.000 o.oo 25.7 2292 • 
• 949 25.0 .3984E+OO 8.73 .949 .995 .10 25.6 2177 • 
• 949 25.0 .3962E+OO 8.71 • 949 .993 .17 25.6 2177 • 
.899 25.0 .3940E+OO 8.68 .899 .990 .24 25.5 2062. 
.899 25.0 .3929E+OO 8.67 • 899 .988 .28 25.5 2062 • 
.849 25.0 • 3896 E+OO 8.63 .849 .984 .39 25.4 1948 • 
• 849 25.0 .3929E+OO 8.67 .849 .988 .28 25.5 1948 • 
• 799 25.0 • 3830E+OO 8.56 .799 .976 .60 25.1 1833 • 
.799 25.0 .3861E+OO 8.60 .799 .980 .so 25.2 1833. 
.749 25.0 • 3830E+OO 8.56 .749 .976 .60 25.1 1718. 
.749 25.0 .3784E+OO 8.51 • 749 .970 .75 25.0 1118. 
.699 25.0 .3698E+OO 8.41 .699 .959 1.04 24.7 1603. 
- ·- -·- . ----.. 
.699 25.0 • 3685E+OO 8.40 .699 .957 1.08 24.7 1603 • 
.649 25.0 .3620E+OO 8.32 .649 .949 ~ 'r • - - 4 ... -- ··-1.30 24.4 1489. 
.649 25.0 .3652E+OO 8.36 .649 .953 1.19 24.5 1489. 
.599 25.0 .3554E+OO 8.25 .599 .940 1.53 24.2 1374. 
.599 25.0 .3553E+OO 8.24 .599 .940 1.53 24.2 1374. 
.549 25.0 .3455E+OO 8.13 .549 .927 1.87 23.9 1259. 
.549 25.0 .3442E+OO 8.12 .549 .925 1.91 23.8 1259. 
• 499 25.0 .3323E+OO 7.97 .499 .909 2.33 23.4 1145 • - -
.499 25.0 .3331E+OO 7.98 .499 .910 2.30 23.4 '1145. 
• 449 25.0 .3213E+OO 7.84 .449 .894 2.72 23.0 1030 • 
.449 25.0 .3199E+OO 7.82 .449 .892 2.77 23.0 1030. 
.399 25.0 .3122E+OO 7.73 .399 .881 3.05 22.7 915 • 
.349 25.0 .3022E+OO 7.60 .349 • 867 3.41 22.3 800. 
• 299 25 . 0 .2867E+OO 7.41 .299 .844 3.99 21.7 686 • 
.249 25.0 .2801E+OO 7.32 .249 .835 4.25 21.5 571. 
.199 24.9 • 2403E+OO 6.78 .199 .773 5.84 19.9 456 • 
.149 25.0 .2403E+OO 6.78 .149 .773 5.84 19.9 341. w 
w 
.099 25.0 .2194E+OO 6.48 .099 • 739 6.73 19.0 227 • ..... 
.049 25. 0 .1720E+OO 5.74 .049 .654 8.91 16.8 112. 
TABLE XX- VELOCITY PROFILE DATA (CONT) 
RUN 1 - CYCLOHEXANE AT 25 DEGREES CENTIGRADE 
AVERAGE VELOCITY IS 2.11 FT/SEC, FRICTION FACTOR .00570, U* .148FT/SEC, GEN-RE 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX (UHAX-U) /U* U+ Y+ 
.999 25.0 .6164E-01 3.43 1.000 1.000 o.oo 23.1 1000 • 
• 949 25.0 .6071E-01 3.41 .949 .992 .17 22.9 950 • 
• 899 25.0 .6024E-01 3.39 .899 .988 .26 22.8 900 • 
• 849 25.0 • 5977E-O 1 3.38 .849 .984 .35 22.8 849 • 
• 799 25.0 .5837E-01 3.34 .799 .973 .62 22.5 799 • 
• 749 25.0 • 5791E-o 1 3.33 • 749 .969 .71 22.4 749. 
.699 25.0 .5510E-Ol 3.24 .699 .945 1.26 21.8 699 • 
• 649 25.0 .5464E-O 1 3.23 .649 .941 1.35 21.8 649 • 
• 599 25.0 .5277E-01 3.17 .599 .925 1.73 21.4 599 • 
• 549 25.0 .5137E-O 1 3.13 .549 .912 2.01 21.1 549. 
------ -
. --· . 
.499 25.0 • 48 57 E-O 1 3.05 .499 .887 2.60 20.5 499 • 
.449 25.0 .4763E-Dl 3.02 .449 .879 2.80 20.3 449. 
.399 25.0 .4483E-Ol 2.93 .399 .852 3.40 19.7 399 • 
• 349 25.0 .4436E-O 1 2.91 .349 .848 3.51 19.6 349. 
.299 25.0 .4249E-01 2.85 .299 .830 3.92 19.2 299. 
.249 25.0 .3876E-O 1 2.72 .249 .792 4.79 18.3 249. 
.199 25.0 .3549E-Ol 2.60 .199 .758 5.58 17.5 199. 
-- ·-- - - 25.0 .3362E-01 2.53 .149 .738 6.05 17.1 149 • .149 
.099 25.0 • 3035 E-O 1 2.41 .099 .701 6.90 16.2 99. 
.049 25.0 • 2475E-O 1 2.17 .049 .633 8.48 14.6 49. 
.029 25.0 .2194E-Ol 2.05 .029 .596 9.33 13.8 29 • 
.019 25.0 • 1914E-O 1 1.91 .019 .557 10.25 12.9 19 • 





TABLE XX - VELOCITY PROFILE DATA (CONT) 
RUN 7 - CYCLOHEXANE AT 25 DEGREES CENTIGRADE 
AVERAGE VELOCITY IS 2.77 FT/SEC, FRICTION FACTOR .00562, U* .147FT/SEC, GEN-RE 
y TEMP DELTA PSI FT/SEC Y/R U/UHAX CUHAX-U)/U* U+ Y+ 
.999 24.9 .6 350 E-O 1 3.48 1.000 1.000 o.oo 23.6 993. 
.949 25.0 .6304E-O 1 3.47 .949 .996 .o8 23.5 943 • 
• 899 25.0 .6210E-01 3.44 .899 .988 .26 23.4 893. 
.849 25.0 .616 3E-O 1 3.43 .849 .985 .34 23.3 844 • 
• 799 25.0 .5977E-01 3.38 .799 .970 • 70 22.9 794 • 
• 749 25.0 .6023E-O 1 3.39 .749 .973 .61 23.0 744. 
.699 25.0 • 5696 E-O 1 3.30 .699 .947 1.24 22.4 695. 
.649 25.0 • 5790E-O 1 3.33 .649 .954 1.06 22.5 645 • 
• 599 25.0 .5323E-01 3.19 .599 .915 1.99 21.6 595. 
.549 25 .0 .5089E-01 3.12 .549 .895 2.47 21. 1 545 • 
.499 25.0 • 4903E-01 3.06 .499 .878 2.87 20.7 496 • 
.449 25.0 • 4809E-O 1 3.03 .¥.9 .870 3.06 20.5 446 • 
.399 25.0 • 4716 E-O 1 3.00 .399 .861 3.26 20.3 396. 
.349 25 . 0 .4482E-O 1 2.93 .349 .840 3.78 19.8 347 • 
.299 25.0 • 4342E-01 2.88 .299 .826 4.09 19.5 297 • 
.249 25.0 • 396qE-O 1 2.75 .249 .790 4.95 18.7 247 • 
.199 25.0 • 3735E-Ol 2.67 .199 .767 5.51 18. 1 197. 
.149 25.0 .3362E-01 2.53 .149 • 727 6.44 17.2 148. 
.099 25.0 .2941E-Ol 2.37 .099 .680 7.55 16.1 98. 
.049 25 . 0 .2568E-O 1 2. 21 .049 .635 8.61 15.0 48. 
.029 25.0 .2334E-Ol 2.11 .029 .606 9.31 14.3 28. 






-VELOCITY 9ROFILE DATA (CONT) 
RUN 11 - 500 PPM PIB L-80 IN CYCLOHEXANE 
AVERAGE VELOCITY IS 8.12 FT/SEC, FRICTION FACTOR .00452, U* .386 FT/SEC, GEN-RE 97574. 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX IUMAX-U) IU* U+ Y+ 
.999 25.0 .5064E+OO 9.84 1.000 1.000 o.oo 25.4 2319. 
.949 25.0 .5064E+OO 9.84 .949 1.000 o.oo 25.4 2203. 
.949 25.0 • 5030E+OO 9.81 .949 .996 .o8 25.4 2203. 
.899 25.0 .5042E+OO 9.82 .899 .997 .as 25.4 2087 • 
.899 25.0 • 5030E+OO 9.81 • 899 .996 .o8 25.4 2087 • 
.849 25.0 .5009E+OO 9. 79 .849 .994 .13 25.3 1971. 
.849 25.0 .4986E+OO 9.77 .849 .992 .19 25.3 1971. 
.799 25.0 .4887E+OO 9.67 .799 .982 .44 25.0 1855. 
• 799 25.0 .4909E+OO 9.69 • 799 .984 .39 25.1 1855 • 
.749 25.0 .4810E+OO 9.59 .749 .974 .64 24.8 1738. 
.749 25.0 .4831E+OO 9.62 • 749 .976 .59 24.9 1738. 
.699 25.0 .4743E+OO 9.53 .699 .967 .81 24.6 1622. 
.699 25.0 .4754E+OO 9.54 .699 .968 .79 24.7 1622. 
.649 25.0 • 4622E+OO 9.40 .649 .955 1.13 24.3 1506 • 
.649 25.0 .4643E+OO 9.43 .649 .957 1.08 24.4 1506. 
.599 25.0 .4533E+OO 9.31 .599 .946 1.3 7 24.1 1390. 
.599 25.0 • 4555E+OO 9.34 .599 .948 1.31 24.1 1390 • 
.549 25.0 .4390E+OO 9.17 .549 .931 1.75 23.7 1274. 
.549 25.0 .4422E+OO 9.20 .549 .934 1.66 23.8 1274. 
.499 25.0 .4224E+OO 8.99 .499 .913 2.21 23.2 1158. 
.499 25.0 .4279E+OO 9.05 .499 .919 2.05 23.4 1158. 
.449 25.0 • 4124E+OO 8.88 .449 .902 2.48 23.0 1042 • 
.399 25.0 • 4024E+OO 8.78 .399 .891 2.76 22.7 926 • 
.349 25.0 .3858E+OO 8.59 • 349 .872 3.24 22.2 810 • 
.299 25.0 • 3715E+OO 8.43 .299 .856 3.6·5 21.8 694 • 
.249 25.0 .3460E+OO 8.14 .249 .826 4.41 21.0 578. 
.199 25.0 • 3339E+OO 7.99 .199 .812 4.79 20.7 462 • 
.149 25.0 • 3184E+OO 7.80 .149 • 792 5.27 20.2 345 • 
w 
.099 25.0 • 2808E+OO 7.33 .099 .744 6.51 18.9 229. w 
.049 25.0 .2509E+OO 6.93 • 049 .703 7.54 17.9 113 • A 
TABLE XX - VELOCITY PROFILE DATA (CONTJ 
RUN 11 - 500 PPM PIS L-80 IN CYCLOHEXANE 
AVERAGE VELOCITY IS 2.85 FT/SEC, FRICTION FACTOR .00577, U* .153 FT/SEC, GEN-RE 34255. 
... ..• ·- - --·· y TEMP DELTA PSI FT IS EC Y/R U/UMAX (UMAX-UJ/U* U+ Y+ 
.999 25.0 .6260E-01 3.46 1.000 1.000 o.oo 22.5 920. 
• o• • Po " •· - · -• • • • • · - · ' 
.949 25.0 • 6213E-O 1 3.44 .949 .996 .o8 22.5 874 • 
.899 25.0 .6213E-01 3.44 • 899 .996 .o8 22.5 828 • 
.849 25.1 .616 7E-O 1 3.43 .849 .992 .16 22.4 782. 
_.799 25.0 .6120E-01 3.42 .799 .988 .25 22.3 
... - - . 
736. 
---- -
.749 25.0 .6026 E-O 1 3.39 • 749 .981 ,42 22.1 690. 
.699 25.0 • 5793E-01 3.33 .699 .961 .85 21.7 644. 
.649 25.0 .5653E-Q1 3.29 .649 .950 1.12 21.4 598. 
.599 25.0 .5513E-01 3.24 .599 .938 1.39 21.1 552. 
.549 25.0 • 5326E-Q1 3.19 • 549 .922 1.75 20.8 505 • 
._.499 25.0 
--
• 5186E-01 3.15 
-----
.499 .910 2.02 20.5 
- 459 • 
.449 25.0 .4999E-O 1 3.09 .449 .893 2.40 20.1 413. 
.399 25.0 • 4859E-Ol 3.05 .399 .880 2.68 19.8 367 • 
.349 25.0 • 4672E-Ol 2.99 
--
.349 .863 3.07 19.5 321 • 
.299 25.0 .4438E-01 2.91 .299 .842 3.56 19.0 275. 
.249 25.0 .4064E-o 1 2.79 .249 .805 4.38 18.1 229. 
.199 25.0 • 3877 E-O 1 2.72 .199 .787 4.80 17.7 183. 
-· - .. 
.149 25.0 • 3550E-O 1 2.60 .149 .753 5.57 17.0 137. 
.099 25.0 .2850E-01 2.33 .099 .674 7.34 15.2 91. 
.049 25 .a • 2616 E-O 1 2.23 .049 .646 7.98 14.6 45. 
.029 25.0 • 2149E-O l 2.02 .029 • 585 9.35 13.2 26 • 




TABLE XX - VELOCITY PROFILE DATA CCONT) 
RUN 11 - 500 PPM PIB L-80 IN CYCLOHEXANE 
AVERAGE VELOCITY IS 5.36 FT/SEC, FRICTION FACTOR .00487, U* .264 FT/SEC, GEN- RE 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 
.999 25.1 • 2238 E+OO 6.54 1.000 1.000 o.oo 24.7 1589 • 
• 949 25.0 • 2200 E+OO 6.49 .949 .991 .20 24.5 1510. 
.899 25.0 • 2200 E+OO 6.49 .899 .991 .20 24.5 1430 • 
• 849 25.0 .2223E+OO 6.52 .849 .996 .o8 24.6 1350 • 
• 799 25.0 .2168E+OO 6.44 .799 .984 .39 24.3 1271 • 
• 749 25.0 .2134E+OO 6.39 .749 .976 .57 24.1 1191. 
.699 25.0 .2079E+OO 6.31 .699 .963 .89 23.8 1112. 
.649 25.0 .2101E+OO 6.34 .649 .969 .76 23.9 1032 • 
• 599 25.0 .2002E+OO 6.19 .599 .945 1.34 23.3 953 • 
• 549 25.0 .2002E+OO 6.19 .549 .945 1.34 23.3 873 • 
• 499 25.0 . 1880E+OO 6.00 .499 .916 2.06 22.6 794. 
.449 25.0 .1847E+OO 5.94 .449 .908 2.26 22.4 714 • 
• 399 25.0 .1748E+OO 5.78 .399 .883 2. 87 21.8 634 • 
• 349 25.0 .1681E+OO 5.67 .349 .866 3.29 21.4 555. 
.299 25.0 .1559E+OO 5.46 .299 .834 4.08 20.6 475. 
.249 25.0 .1460 E+OO 5.28 .249 .807 4.75 19.9 396 .. 
.199 25.0 • 1349 E+OO 5.08 .199 .776 5.52 19.2 316 • 
• 149 25.0 .1283E+OO 4.95 .149 • 157 6.00 18.7 237. 
.099 25.0 .ll72E+OO 4. 73 .099 .723 6.82 17.9 157. 
.049 25.0 .8852E-01 4.11 .049 .628 9.17 15.5 77 .. 
.999 25.0 • 2202E+OO 6.49 1.000 .991 .20 24.5 1589. 
.949 25 .o .2213E+OO 6.51 .949 .994 .13 24.5 1510 • 





TABLE XX- VELOCITY PROFILE DATA (CONT) 
RUN 13 - 3000 PPM PIB L-80 IN CYCLOHEXANE 
AVERAGE VELOCITY IS 2.78 FT/SEC, FRICTION FACTOR .00646, U* .158 FT/SEC, GEN-RE 
y TEMP DELTA PS I FT/SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 
.999 25.0 .6025E-O 1 3.39 1.000 1.000 o.oo 21.4 567 • 
• 949 25.0 • 57 44E-O 1 3.31 .949 .976 .50 20.9 538 • 
• 899 25.0 • 5698 E-O 1 3.30 .899 .972 .59 20.8 510 • 
• 849 25.0 .5744E-01 3.31 .849 .976 .so 20.9 481 • 
• 799 25.0 • 5697 E-O 1 3.30 .799 .972 .59 zo.8 453 • 
• 749 25.0 .5651E-01 3.29 .749 .968 .67 20.7 425 • 
• 699 25.0 • 5417E-O 1 3.22 .699 .948 1.11 20.3 396. 
.649 25.0 .5277E-01 3.17 .649 .935 1.37 20.0 368 • 
• 599 25.0 • 5184E-O 1 3.15 .599 .927 1.55 19.9 340 • 
• 549 25.0 • 5043 E-O 1 3.10 .549 .914 1.82 19.6 311. 
.499 25.0 .4950E-O 1 3.07 .499 .906 2.00 19.4 283. 
---- --... ·- - - -·· 
.449 25.0 • 4483E-01 2.93 .449 -- -- .862 2.94 18.5 254. 
.399 25.0 .4389E-Ol 2.89 .399 .853 3.14 18.3 226. 
.349 25.0 • 4156 E-O 1 2. 82 .349 .830 3.63 17.8 198 • 
.299 25.0 • 406 3E-O 1 2.78 .299 .821 3.83 17.6 169 • 
.249 25.0 • 3876 E-O 1 2. 72 .249 .802 4.24 17.2 141. 
.199 25.0 .3409E-01 2.55 .199 .152 5.31 16.1 112. 
.149 25.0 .3128E-01 2.44 
.149 .720 5.99 15.4 84 • 
.099 25.0 • 2848 E-O 1 2.33 .099 .687 6.70 14.7 56 • 
.049 25.0 • 2381E-Ol 2.13 .049 .628 7.96 13.4 27 • 
.029 25.0 • 1587 E-O 1 1.74 .029 .513 10.44 11.0 16. 





TABLE XX - VELOCITY PROFILE DATA (CONT) 
RUN 13 - 3000 PPM PIB L-80 IN CYCLOHEXANE 
AVERAGE VELOCITY IS 8.18 FT/SEC, FRICTION FACTOR .00497, U* .407 FT/SEC, GEN-RE 58608. 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX ( UMAX -U) /U* U+ Y+ 
.999 25.1 .Sl29E+OO 9 .91 1.ooo 1.000 o.oo 24.2 1461. 
.949 25.1 .5007E+OO 9. 79 • 949 • 988 • 28 24.0 1388 • 
.949 25.1 • 4963E+OO 9.75 .949 
.983 .39 23.9 1388 • 
.899 25.1 .4963E+OO 9. 75 • 899 .983 .39 23.9 1315 • 
.899 25.1 .4974E+OO 9.76 .899 .984 .36 23.9 1315. 
.849 25.1 • 4886E+OO 9.67 .849 .976 .sa 23.7 1241 • 
.849 25.1 .4930E+OO 9.71 .849 
.980 • 47 23.8 1241 • 
.799 25.0 .4963E+OO 9. 75 .799 
.983 .39 23.9 1168. 
.799 25.0 .4776E+OO 9.56 .799 .964 .85 23.4 1168. 
.749 25.0 • 4699E+OO 9.48 .749 
.957 1.04 23.2 1095 • 
• 749 25.1 .4710E+OO 9.49 .749 .958 1.01 23.2 1095 • 
• 699 25.0 .4600E+OO 9.38 .699 .947 1. 28 23.0 1022 • 
.699 25.1 . 4753E+OO 9.54 .699 
.962 .90 23.3 1022. - - - --· 4 ... .. ·• .. 25.1 .4556 E+OO 9.34 1.39 22.9 949. .649 .649 .942 
.649 25.1 • 4676E+OO 9.46 .649 
.954 1.09 23.2 949 • 
.599 25.0 .4446 E+OO 9.22 .599 
.931 1.67 22.6 876. 
.599 25.1 • 4522E+OO 9.30 .599 
.939 1.48 22.8 876 • 
.549 25.0 .4358E+OO 9.13 .549 .921 1.90 22.3 803. 
.549 25.1 .4697E+OO 9.48 • 549 .957 1.04 23.2 803. 
.499 25.0 • 4050E+OO a. 80 .499 .888 2.70 21.5 730 • 
.499 25.0 • 4521E+OO 9.30 .499 
.938 1.48 22.8 730 • 
.449 25.0 • 4356E+OO 9.13 .449 .921 1.90 22.3 656 • 
.399 25.0 • 4125E+OO 8.88 .399 .896 2.50 21.7 583 • 
.349 25.0 .4026E+OO 8.78 .349 • 885 2.77 21.5 510 • 
.299 25.0 • 3762E+OO 8.48 .299 .856 3.48 20 .8 437 • 
.249 25.0 .3586E+OO 8.28 • 249 .836 3.98 20.3 364 • 
.199 25 . 0 • 3421E+OO 8.09 .199 .816 4.45 19.8 291 • 
.149 25.1 • 2958 E+OO 7.52 .149 .759 5.84 18.4 217 • 
.099 25.0 • 27 27 E+OO 7.22 .099 .729 6.57 17.7 144 • w w 
.049 25.1 .2397E+OO 6.77 • 049 .683 7.68 16.6 71 • co 
TABLE XX -VELOCITY PROFILE DATA CCONT) 
RUN 13 - 3000 PPM PIS L-80 IN CYCLOHEXANE 
AVERAGE VELOCITY IS 5.35 FT/SEC, FRICTION FACTOR .00567, U* .285 FT/SEC, GEN-R E 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 
1.001 25.0 • 2330E+OO 6.68 1.002 1.000 o.oo 23.4 1023 • 
• 951 25.0 . 2330E+OO 6.68 .951 1.000 o.oo 23.4 972 • 
• 901 25.0 .2297E+OO 6.63 .901 .992 .16 23.2 921 • 
• 851 25.0 .2286E+OO 6.61 .851 .990 .22 23.2 869 • 
• 801 25.1 .2275E+OO 6.60 .801 .988 • 27 23.1 818 • 
• 751 25.0 .2220E+OO 6.52 .751 .976 .56 22.8 767 • 
• 701 25.0 .2209E+OO 6.50 .701 .973 .61 22.8 716 • 
• 651 25.0 .2088E+OO 6.32 .651 .946 1.25 22.1 665 • 
• 601 25.1 .2088E+OO 6.32 .601 .946 1. 24 22.1 614. 
-




.501 25.0 .1967E+OO 6.13 .501 .918 1.90 21.5 512 • 
• 451 25.0 .1923E+OO 6.07 .451 .908 2.14 21.2 461. 
.401 25.0 .1824E+OO 5.91 .401 .884 2.69 20.7 409 • 
• 351 25.0 .1748E+OO 5.18 .351 .865 3.14 20.2 358 • 
• 301 25.0 .1638 E+OO 5.60 .301 .838 3.79 19.6 307. 
.251 25.0 .1605E+OO 5.54 .251 .829 3.98 19.4 256. 
-. 
• 201 25.1 .1451E+OO 5.27 .201 .789 4.94 18.4 205 • 
• 151 25.0 .1341E+OO 5.06 .151 .758 5.65 17.7 154. 
.101 25.0 .1 231E+OO 4.85 .101 .726 6.40 17.0 103. 





TABLE XX - VELOC ITY PROFILE DATA l CONT) 
RUN 14 - 1 PE R CENT PIS L-80 IN CYC LOHEXANE 
AVERAGE VELOCITY I S 5. 61 FT/ SEC , FRICTI ON FACTOR .00720, U* . 337 FT/SEC, GEN-RE 
y lEMP DELTA PSI FT / SEC Y/R U/ UMAX (UMAX- U)/U* U+ Y+ 
. 999 25 . 0 . 2485E+OO 6. 89 1. 000 1.000 o.oo 20 •. 4 
. 699 25.0 . 2276E+OO 6. 60 .699 .956 . 88 19.5 
. 599 25 . 0 .2232E+OO 6. 53 . 599 . 947 1.06 19.3 
.499 25 . 0 . 2151E+OO 6.41 . 499 . 930 1.42 19. 0 
-- - ~-. -· .. ··--· 
.399 25 . o .1888E+OO 6.0 1 .399 . 871 2. 62 17. 8 
.299 25 . 0 .l746E+OO 5. 78 . 299 . 838 3. 31 17.1 
.199 25 . 0 . l 721E+OO 5.74 . 199 . 832 3. 43 17 .o 
. 099 25 . 0 . U04E+OO 4. 59 . 099 . 666 6 . 82 13. 6 
.049 25.0 . 9837E- O 1 4. 34 .049 . 629 7. 58 12. 8 





TABLE XX -VELOCI TY PROFILE DA TA <CONTI 
RUN 14 - 1 PER CENT P IB L-BO IN CVCLOHEXANE 
AVERAGE VELOCITY IS 8.13 FT/SEC, FRICTION FACTOR .0062 4, U* . 454FT/SEC, GEN-RE 
y TEMP DELTA PS I FT / SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 
.999 25.0 .5093E+OO 9.87 1. 000 1.000 o.oo 21 .7 
.699 25 .o .47 30 E+OO 9 .5 1 . 699 .963 .18 20.9 
.699 25.0 .47 5lE+OO 9 . 54 .699 . 965 .74 20.9 
.599 25.0 . 45 07 E+OO 9.29 .599 . 940 1. 28 20.4 
.499 25.0 • 4237 E+OO 9.00 .499 .912 1.91 19.8 
.499 25.0 . 4143E+OO 8.90 . 499 .901 2. 13 19.6 
.399 25 . 0 • 39 54E+OO 8.70 . 399 .881 2. 58 19.1 
. 299 25.0 .3502E+OO 8.19 . 299 .829 3. 71 18.0 
.199 25 . 0 . 3215E+OO 7.84 .199 .794 4.46 17. 2 
.099 25 . 0 .2543E+OO 6.98 .099 .706 6.37 15.3 





TABLE XX - VELOCITY PROFILE DATA (CONT) 
RUN 25 - 2500 PPM PIB L-80 IN BENZENE 
AVERAGE VELOCITY IS 2.73 FT/SEC, FRICTION FACTOR .00545, U* .143 FT/SEC, GEN-RE 
y TEMP DELTA PSI FT/SEC Y/R U/UHAX (UHAX-U) /U* U+ Y+ 
.999 24.0 .6579E-O 1 3.34 1.000 1.000 o.oo 23.3 1310 • 
• 949 24.0 .6532E-Ol 3.32 .949 .996 .o8 23.2 1244 • 
• 899 24.0 .6439E-O 1 3.30 . 899 .989 .24 23.1 1179 • 
• 849 24.0 .6486 E-O 1 3.31 .849 .992 .16 23.1 1113 • 
• 799 24.0 .6022E-O 1 3.19 .799 .956 1.00 22.3 1047 • 
• 749 24.0 .6208E-Ol 3.24 .749 .971 .66 22.6 982 • 
• 699 24.0 .6069E- O 1 3.20 .699 .960 .92 22.4 916. 
.649 24.0 • 5930 E-O 1 3.17 .649 .949 1.18 22.1 851 • 
• 599 24.0 • 5698 E-O 1 3.10 .599 .930 1.61 21.7 785 • 
• 549 24.0 • 5467 E-O 1 3.04 .549 .911 2.06 21.2 720 • 
·--·-·-·· ·- · -
• 499 24.0 • 528 lE-O 1 2.99 .499 .896 2.42 20.9 654. 
.449 24.0 • 50 50 E-O 1 2.92 .449 .876 2.89 20.4 588 • 
• 399 24.0 .4957E-01 2.90 .399 .868 3.08 20.2 523 • 
• 349 24.0 • 4540 E-O 1 2. 77 .349 .830 3.95 19.4 457. 
.299 24.0 • 43 55 E-O 1 2.71 .299 .813 4.35 19.0 392 • 
• 249 24.0 .3984E-Ol 2.60 .249 .778 5.17 18.1 326 • 
• 199 24 .o • 3984E-O 1 2.60 .199 .778 5.17 18.1 260. 
.149 24.0 .3613E-Ol 2.47 .149 .741 6.04 17.3 195 • 
• 099 24.0 • 2965E-O 1 2.24 .099 .671 7.67 15.6 129 • 
.049 24.0 • 2455E-01 2.04 .049 .610 9.08 14.2 64. 
.029 24.0 • 2084E-O 1 1.88 .029 .562 10.20 13.1 38 • 





TABLE XX - VELOCITY PROFILE OATA (CONT) 
RUN 25 - 2500 PPM PIB L-80 IN BENZENE 
AVERAGE VELOCITY IS 5.63 FT/SEC, FRICTION FACTOR .00430, U* .261 FT/SEC, GEN- RE 103139. 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 
.999 24.0 .2673E+OO 6.73 1. 000 1.000 o.oo 25.7 2391. 
.949 24.0 .2661E+OO 6.72 • 949 .997 .os 25.7 2271 • 
.899 24.0 .2624E+OO 6.67 .899 .990 .23 25.5 2152. 
.849 24.0 .2649E+OO 6.70 .849 • 995 .11 25.6 2032 • 
.799 24.0 .2599E+OO 6.64 -·- 25.4 1912. .799 .986 .36 
• 749 24.0 .2562E+OO 6.59 .749 .978 .54 25.2 1793 • 
.699 24.0 . 2488E+OO 6.49 .699 .964 .91 24.8 1673. 
• 649 24 .0 .2450E+OO 6.44 .649 .957 1.09 24.6 1553 • 
• 599 24.0 . 2364E+OO 6.33 . 599 .940 1.53 24.2 1433 • 
.549 24.0 .2290E+OO 6.23 .549 .925 1.92 23.8 1314. 
- --··· -· -~·· · 
.499 24.0 • 2253 E+OO 6.18 .. - 2.11 - 23.6 1194. .499 .917 
.449 24.0 .2166E+OO 6.06 .449 .900 2.57 23.2 1074. 
.399 24.0 .2116 E+OO 5.99 .399 .889 2.84 22.9 955. 
.349 24.0 .2017E+OO 5.85 .349 .868 3.38 22.4 835. 
.299 24 .0 .1931E+OO 5.72 .299 .849 3.87 21.9 715. 
.249 24.0 .1819E+OO 5.55 .249 .824 4.51 21.2 596. 
.l695E+OO 5.36 . .. ...... . 5.25 20.5 476. .199 24.0 .199 .796 
.149 24.0 .1609E+OO 5.22 .149 .775 5.78 20.0 356. 
.099 24.0 • 1435E+OO 4.93 .099 .732 6.89 18.9 237 • 
.049 24.0 .1188E+OO 4.49 .049 .666 8.59 17.1 117. 




TABLE XX - VELOCITY PROFILE DATA (CONTJ 
RUN 25 - 2500 PPM PIB L-80 IN BENZENE 
AVERAGE VELOCITY IS 7.55 FT/SEC, FRICTION FACTOR .00412, U* . 343 FT/SEC, GEN-RE 138373 . 
y TEMP DELTA PSI FT IS EC Y/R U/ UMAX (UMAX-U 1 /U* U+ Y+ 
. 999 24.0 • 4616 E+OO 8. 85 1.000 1.000 o.oo 25 . 7 3142. 
.949 24.0 .4603E+OO 8.83 . 949 . 998 . 03 25 . 7 2984 • 
• 949 24. 0 .4628E+OO 8.86 .949 1.001 - . 03 25.8 2984. 
.899 24 . 0 . 4603E+OO 8.83 .899 .998 • 03 25. 1 2827 • 
. 899 24.0 • 4591 E+OO 8.82 • 899 .997 . 06 25.7 2827 • 
.849 24 . 0 .4405E+OO 8. 64 . 849 
.976 . 59 25.1 2670 . 
. 849 24.0 .4566E+OO 8. 80 .849 .994 .13 25.6 2670 . 
. 799 24.0 .4430E+OO 8. 67 • 799 .979 . 52 25.2 2513 • 
. 799 24.0 . 4554E+OO a . 79 • 799 .993 .17 25.6 2513 • 
.749 24.0 .4368E+OO 8 . 61 . 749 .972 • 70 25 . 0 2355 . 
.749 24.0 .4430E+OO 8. 67 . 749 .979 . 52 25 . 2 2355. 
. 699 24 . 0 • 4244E+OO 8. 48 . 699 .958 1.05 24.7 219'8 • 
.699 24 . 0 .4356E+OO 8.59 . 699 . 971 .73 25 . 0 2198. 
.649 24.0 • 4l95E+OO 8.43 .649 
. 953 1. 20 24.5 2041 • 
.649 24.0 .4281E+OO 8.52 .649 . 963 . 95 24.8 2041 . 
. 599 24 . 0 . 4121E+OO 8.36 .599 .944 1. 42 24.3 1883. 
. 599 24.0 • 4158 E+OO 8. 40 .599 .949 1. 31 24.4 1883. 
. 549 24.0 .4009E+00 8.24 . 549 .932 1. 75 24.0 1726 . 
.549 24.0 • 4034E+OO 8. 27 .549 .934 1.67 24. 1 1726. 
. 499 24 . 1 . 3935E+OO 8.17 . 499 . 923 1.97 23.8 1569 . 
.499 24.0 . 3947E+OO 8.18 .499 .924 1.94 23.8 1569 . 
. 449 24 . 0 . 3848E+OO 8 . oa . 449 . 913 2.24 23.5 1412 . 
. 399 24.0 • 3737 E+OO 7.96 . 399 . 899 2.58 23 . 2 1254. 
.349 24.0 . 358BE+OO 7.80 .349 . 881 3 . 05 22 . 7 1097. 
.299 24.0 . 3452E+OO 7.65 • 299 .864 3. 48 22.3 940 • 
. 249 24.0 .3304E+OO 7. 48 .249 .846 3.97 21.8 783. 
. 199 24.0 . 3069E+OO 7.21 .199 • 815 4 . 76 21.0 625 • 
w 
.149 24 . 0 • 2846 E+OO 6.95 .149 • 785 5. 53 20 . 2 468 • ~ 
.099 24.0 .2549E+OO 6. 57 .099 • 743 6.62 19.1 311 • ~ 
. 049 24.0 .2066E+OO 5.92 . 049 • 669 8. 53 17 .z 154 • 
TABLE XX - VELOCITY PROFILE DA lA ( CONT) 
RUN 27 - 9000 PPM PIB L-80 IN BENZENE 
AVERAGE VELOCITY IS 5.52 FT/SEC, FRICTION FACTOR .00497, U~ .275 FT/SEC, GEN-RE 
-~-- . -
y TEMP DELTA PSI FT /SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 
.999 24.0 .2867E+OO 6.97 1.000 1.000 o.oo 25.3 1547. 
.699 24.0 .2594E+OO 6.63 .699 .951 1.23 24.1 1082. 
.599 24.0 .2482E+OO 6.49 .599 .930 1.76 23.5 927. 
.499 24.0 .2445E+OO 6.44 .499 .923 1.93 23.4 773. 
····--- -·- . ... -· --
.399 24.0 .2135E+OO 6.02 .399 .862 3.47 21.8 618. 
.299 24.0 .1936 E+OO 5.73 .299 .821 4.51 20.8 463. 
.199 24.0 .l688E+OO 5.35 .199 .767 5.89 19.4 308. 






TABLE XX- VELOCITY PROFILE DATA (CONT) 
RUN 27 - 9000 PPM PIB L-80 IN BENZENE 
AVERAGE VELOCITY IS 7.57 FT/SEC, FRICTION FACTOR .00416 9 U* . 345 FT/SEC, GEN-RE 85203. 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX ( UM AX -U )IU~ U+ Y+ 
.999 24.1 .4667E+OO 8.90 1.000 1.000 o.oo 25.1 1945. 
.699 24.1 .4506E+OO 8.74 .699 .982 .44 25.2 1360. 
.699 24.1 • 4257E+OO 8.50 .699 .955 1.15 24.5 1360 • 
.599 24.1 .4021E+OO 8.26 .599 • 928 1.84 23.8 1166. 
.499 24.1 • 4010E+OO 8.25 .499 .926 1.88 23.8 971 • 
-- - -····- ·--· 
.499 24.1 • 3910E+OO 8.14 .499 .915 2.18 23.5 971 • 
.399 24.1 .3574E+OO 1.18 .399 .875 3.21 22.5 776. 
.299 24.1 • 3301E+OO 7.48 .299 .840 4.09 21.6 582 • 
.199 24.1 • 2941 E+OO 7.06 • 199 .793 5.30 20.4 387 • 
.099 24.1 . 2407E+OO 6.39 .099 .718 7. 24 18.4 192. 




TABLE XX- VELOCITY PROFILE DATA CCONT) 
RUN 33 - 2500 PPM PMMA G IN TOLUENE 
AVERAGE VELOCITY IS 2.89 FT/SEC, FR I CTION FACTOR .00488 , U* .143 FT/SEC, GEN-RE 
y TEMP DELTA PSI FT/ SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 
.999 30.0 • 7376E-O 1 3. 57 1. 000 1.000 o.oo 24.9 1377 • 
• 949 30 . 0 . 7376E-01 3.57 .949 1.000 o.oo 24 . 9 1308 • 
• 899 30.0 • 7376 E-O 1 3. 57 .899 1. 000 o.oo 24.9 1239 • 
• 849 30.0 • 7237E- Ol 3.54 .849 
. 990 • 23 24 . 7 1170 • 
• 799 30.0 • 7190E-O 1 3. 53 . 799 . 987 . 31 24.6 1101 • 
• 749 30 . 0 . 7051E-01 3.49 . 749 
. 977 .55 24.4 1032 . 
. 699 30 . 0 .6865E-O 1 3.44 . 699 
. 964 . 81 24. 0 963. 
. 649 29.9 .6819E-Ol 3.43 
. 649 .961 .96 24 . 0 894 • 
• 599 30 . 0 .6772E-01 3. 42 . 599 . 958 1.04 23.9 825 • 
• 549 30.0 . 6772E-01 3.42 .549 
. 958 1. 04 23 . 9 756 . 
. 499 30 . 0 .6587 E-O 1 3. 37 .499 
. 945 1.3 7 23 . 5 687 . - - ·-··- -· -- -
. 6 309 E-O 1 3. 30 - 23 . 0 619 • .449 30.0 . 449 . 924 1. 87 
• 399 30 . 0 .5938E-o1 3.20 .399 
.897 2 . 56 22.4 550 • 
• 349 30.0 • 5845E-O 1 3. 18 .349 
.890 2. 74 22.2 481. - -
• 5474E-O 1 3. 08 . 299 3.45 21 . 5 412 . . 299 30 . 0 .861 
. 249 30 . 0 • 5242 E-O 1 3. 0 1 .249 
. 843 3.91 21 . 0 343 • 
• 199 30 . 0 .4870E-01 2.90 . 199 
.812 4 . 67 20 . 2 274 . 
. 149 30 . 0 • 4638 E-0 1 2. 83 . 149 
.793 5 . 16 19.7 205 • 
• 099 30.0 .4175E-O 1 2.68 .099 . 752 6. 18 18.7 136 • 
• 049 30.0 . 3432E-Ol 2. 43 .049 
.682 7 . 93 17 . 0 67 • 
• 029 30.0 • 3200 E-0 1 2. 35 .029 . 658 8. 51 16 . 4 39 • 





TABLE XX -VELOCITY PROFILE DATA (CONT) 
RU N 33 - 2500 PPM PMMA G IN TOLUENE 
AVERAGE VELOCITY IS 5.70 FT/SEC , FRICT ION FACTOR . 00435 , U~ .265 FT/SEC, GEN-RE 109649 . 
y TEMP DE LTA PSI FT/SEC Y/ R U/UMAX (UMAX-Ul/U* U+ Y+ 
. 999 30.0 . 2753E +OO 6 . 90 1.000 1 .000 o.oo 25 . 9 2 557 • 
• 949 30.0 • 2728 E+OO 6.87 .949 
. 995 
. 11 25 . 8 2429 • 
• 899 30 . 0 .2716E+OO 6. 86 . 899 
.993 • 17 25.8 2 30 l • 
• 849 30 . 0 . 2691E+OO 6. 83 . 849 
. 988 .29 25 . 6 2173 • 
• 799 30.0 • 26 42E+OO 6 . 76 
. 799 
. 979 . 52 25 . 4 2045 • 
• 749 30 . 0 .2606E+OO 6.72 . 749 
. 972 .10 25 . 2 1917 • 
• 699 30.0 . 2532E+OO 6. 62 . 699 .959 1. 06 24.9 1789 • 
• 649 30 . 0 . 2471E+OO 6. 54 .649 
. 947 1.36 24 . 6 1661 • 
• 599 30.0 • 2410 E+OO 6. 46 
. 599 
. 935 1. 66 24.3 1533 • 
• 549 30.0 . 2325E+OO 6. 34 • 549 
.918 2. 10 23 . 8 1405 . 
. 499 30 . 0 . 2325E+OO 6. 34 . 499 
. 918 2. 10 23 . 8 1277 • 
• 449 30 . 0 . 2251 E+OO 6. 24 .449 
. 904 2.4 8 23.4 1149 . 
. 399 30.0 • 2166 E+OO 6.12 . 399 . 887 2. 93 23 . 0 1021 • 
• 349 30 . 0 .2056E +OO 5. 96 .349 
. 864 3 . 52 22 . 4 893 • 
• 299 30 . 0 • 2044E+OO 5.95 .299 
. 86 1 3.59 22.3 765 • 
• 249 30 . 0 . l909E+OO 5.75 .249 
.832 4 . 34 21.6 637 • 
• 199 30 . 0 .1799E+OO 5. 58 . 199 
.8oa 4.97 20 . 9 509 . 
.149 30 . 0 .1652E+OO 5.35 . 149 
.774 5 . 85 20 . 1 38 1. 
.099 30 . 0 .l 480E+OO 5 . 06 . 099 
.733 6 . 92 19 . 0 253 • 




TABLE XX -VELOCITY PROFILE DATA (CONT) 
. 
RUN 33 - 2500 PPM PMMA G IN TOLUENE 
AVERAGE VEL OCITY IS 8 .18 FT/SEC, FRICTION FACTOR .00415 , U* . 373F T/ SEC , GEN-RE 157466 . 
y TEMP DELTA PSI FT/S EC Y/R U/UMAX lUMAX -U) /U* U+ Y+ 
.999 30.0 .56l4 E+OO 9 . 86 1.000 1.000 o.oo 26.4 3587 • 
• 949 30.0 .5373E+OO 9 . 64 .949 
.978 . 57 25.8 3407 . 
.949 30.0 .5529E+OO 9.78 .949 .992 • 20 26.2 3407 • 
• 899 30 . 0 . 5385E+OO 9.66 .899 .979 .54 25.8 3228 • 
• 899 30.0 .5577E+OO 9.83 . 899 .996 • 08 26.3 3228 • 
.849 30 . 0 . 5325E+OO 9.60 .849 
.973 • 69 25 . 7 3048 • 
.849 30.0 .554lE+OO 9. 79 .849 • 993 • 17 26 . 2 3048 • 
• 799 30 .o . 5240E+OO 9 . 52 .799 • 966 .89 25.5 2869 • 
.799 30.0 . 5468E+OO 9. 73 
. 799 .986 • 34 26.0 2869 • 
.749 30 .o • 5240 E+OO 9.53 • 749 • 966 .89 25.5 2689 • 
.749 30 . 0 • 5418 E+OO 9 . 69 • 749 • 982 .46 25.9 2689 • 
• 699 30.0 . 5069E+OO 9.37 .699 
.950 1. 31 25.1 2510 • 
.699 30 . 0 . 5345E+OO 9. 62 .699 .975 . 64 25 . 8 2510. - -- -- -
• 649 30.0 .4984E+OO 9.29 . 649 
. 942 1. 52 24.9 2330 • 
.649 30.0 .5235E+OO 9.52 .649 
. 965 . 90 25.5 2330 . 
. 599 30.0 .4862E+OO 9.17 . 599 
.930 1.83 24.6 2151 . 
. 599 30.0 . 5113E+OO 9 . 41 .599 
.954 1. 20 25.2 2151. 
.549 30.0 • 4740E+OO 9.06 • 549 .918 2.14 24.2 1971 • 
. 549 30 . 0 • 4967E+OO 9.27 • 549 
.940 1. 57 24 . 8 1971 . 
. 499 30.0 .4594E+OO 8. 92 . 499 . 904 2.52 23.9 1791. 
.499 30.0 . 4869E+OO 9 . 18 . 499 
. 931 1.81 24.6 1791. 
.449 30 .a .4662E+OO 8 . 98 . 449 . 911 2.34 24.0 1612 . 
.399 30 . 0 .4539E +OO 8. 87 . 399 .899 2. 66 23.7 1432 . 
. 349 30.0 .4344E+OO 8. 67 . 349 .879 3. 18 23 . 2 1253. 
• 299 30.0 . 4173E+OO a. so . 299 .862 3.64 22.7 1073. 
.249 30.0 .3978E+OO 8.30 • 249 .841 4.18 22 . 2 894 • 
. 199 30 . 0 . 3770E+OO 8 . 08 . 199 .819 4 . 77 21.6 714. 
.149 30.0 . 3429E+OO 1.10 . 149 • 781 5.77 20.6 535 • w 
. 099 30.0 • 3087 E+OO 7.31 • 099 .741 6 . 83 19.6 355 • ~ \() 
.049 30 .o . 2562E+OO 6. 66 • 049 .6 75 8.57 17. 8 175 • 
TABLE XX - VELOCITY PROFILE DATA tCONT) 
RUN 37 - 9000 PPM PHHA G IN TOLUENE 
AVERAGE VELOCITY IS 7.99 FT/SEC, FRICTION FACTOR .00461, U* .384 FT/ SEC, GEN-RE 
y TEMP DELTA PSI FT/SEC Y/R U/UHAX (UMAX-UJ/U* U+ Y+ 
.999 30.0 .5465E+OO 9.73 1.000 1.000 o.oo 25.3 1937 • 
• 899 29.9 .5452E+OO 9. 72 .899 .998 .03 25.3 1743 • 
• 799 30.0 .5341E+OO 9.62 .799 .988 .28 25.0 1549 • 
• 699 30.0 .5108E+OO 9.40 .699 
.966 .84 24.5 1355 • 
• 599 30.0 .4851E+OO 9.16 .599 
.942 1.46 23.8 1161. 
.499 30.0 .4593E+OO 8 . 92 . • 499 
.916 2.10 23.2 967. ----------
.399 30.0 .4312E+OO 8.64 .399 .888 2.83 22.5 773. 
.299 30.0 • 3919E+OO 8.24 .299 .846 3.88 21.4 579 • 
• 199 30.0 .3490E+OO 7.77 .199 .799 5.08 20.2 385. 
.149 30.0 .3282E+OO 7.54 .149 .774 5.70 19.6 288 . 
.099 30.0 .2914E+OO 7.10 .099 .730 6.83 18.5 191 • 
• 049 30.0 .2400E+OO 6.44 .049 
.662 8.54 16.7 95 • 





TABLE XX - VELOCITY PROFILE DATA (CONT) 
RUN 37 - 9000 PPM PMMA G IN TOLUENE 
AVERAGE VELOCITY IS 5.65 FT/SEC, FRICTION FACTOR .00483, U* .278 FT/SEC, GEN-RE 
y TEMP DELTA PSI FT/SEC Y/R U/UMAX (UMAX-U)/U* U+ Y+ 
.999 30.0 .2804E+OO 6.97 1.000 1.000 o.oo 25.0 1402. 
.899 30.0 .2730E+OO 6.87 .899 .986 .33 24.7 1262. 
.799 30.0 .2668E+OO 6.80 .799 .975 .61 24.4 1121. 
.699 30.0 • 2570E+OO 6.67 .699 .957 1.06 24.0 981. 
.599 30.0 .2460E+OO 6.52 .599 .936 1.58 23.4 841. 
.499 30.0 • 2264E+OO 6.26 .499 .898 2.54 22.5 700. 
. - --· - --- ~ 
• 399 30.0 .2141E+OO 6.09 .399 - .873 3.16 21.9 560 • 
.299 30.0 .1933 E+OO 5.78 .299 .830 4.25 20.8 419. 
.199 30.0 .1713E+OO 5.44 .199 .781 5.47 19.5 279. 
.149 30.0 .1529E+OO 5.14 .149 .738 6.55 18.5 209. 
.099 30.0 .1419E+OO 4.95 .099 • 711 7.23 17.8 139. 
.049 3o.o .1125E+OO 4.41 .049 .633 9.18 15.8 68. 





XI.. APPENDIX IV 
RECALCULATION OF LITERATURE DATA 
Much of the literatUre data on the turbulent flow of non-
Newtonian and polymer solutions has been recalculated as part 
of this investigation. The results of these calculations have been 
presented earlier in the literature review and experimental 
sections . These results showed when the friction factors of the 
solutions were drag reducing and the shape of the friction factor-
solvent Reynolds number curve. In addition, velocity profiles in 
simple Newtonian fluids have been compared with those in drag 
reducing fluids. The data of the various earlier investigators 
were also checked for internal consistency and for agreement with 
established cor relations as proof of their equipment and experi-
mental procedure. 
The same e quations and procedures which were used to 
cal c ulate the data of this investigation, as discus sed in the experi -
mental section, were also used to recalculate the literature data. 
At a known temperature the density of water was calculated from 
the constants in Table V. Likewise the viscosity of water was 
calculated f r om the follow ing equation obtained by fitting literp.ture 




where 13o - 1780.0223 E-03 
131 -5 892.4381 E-05 
132 = 1357. 6207 E-06 
133 =- -2025.6326 E-08 
134 = 1401.3258 E - 10 
The above equation is the lowest order polynomial found to 
represent the data adequately and as calculated by the method 
described in the experimental section. 
AU integrations of velocity profiles were performed by the 
regression analysis technique used on the data of this investigation 
and descr.tbed previousl y in the expe rimental section. 
The results of Bunch, Dodge, Eissenberg, M e terj and Tao 
were recalculated in a straight-forward manner from raw data 
presented in their d issertations. Smooth tube friction factors w e r e 
used in Bunch's data to calculate the friction velocily. 
This appendix is divided into three sections, with e ach 
invest1gator ' s data d iscussed i n a separate section. The sections 
are (l) Toms, (2) Shaver, and (3) Wells. 
Toms (142) 
The data of Toms were read from a graph in reference ( 142 ). 
Tabl e XXI presents the values obtained. 
Table XXI 
DATA OF TOMS* 
FLOW RATE (cc/min) IN 0. 050-INCH TUBE 
D. P/ L 0. 0 0. 156 0. 313 0. 625 1. 25 2. 5 5.0 10. 0 
(Dynes/ cm2 ) Gms/L Gms/L Gms/L Gms/L Gms/L Gms/L Gms/L Gms/L 
500 0. 40 0. 41 0. 38 0. 36 0. 30 0. 15 0. 05 
1,000 0. 88 - 0.90 0.83 0. 78 0.46 0. 20 0. 05 
2, 500 1. 60 1. 70 1. 78 1. 85 1. 70 1. 22 0. 70 0. 28 
5, 000 2. 10 2.45 2. 80 3. 08 2. 90 2.35 1. 50 0.65 
7,500 2. 60 3. 32 3. 88 4. 08 3.86 3.30 2. 30 1. 10 
10, 000 3. 02 4. 14 4 . 85 4.85 4.65 4 . 08 3. 18 1. 60 
FLOW RATE (cc/rnin) IN 0. 159 -INCH TUBE 
D. P/L 0. 0 0. 313 0.625 1. 25 2.5 5.0 10.0 20.0 
(Dynes I em 2 ) Grns /L Gms/L Gms/L Gms / L Gms/L Gms / L Gms / L Grns / L 
- -
25 0 8 . 5 9. 0 9.0 9.5 8.8 4 . 5 2. 0 
500 12. 8 12. 9 13.0 13.6 12.9 11. 0 4. 0 
1, 000 19. 0 19. 5 21. 5 21. 0 22. 0 20. 5 9. 5 2. 5 
2,000 27. 5 31. 5 36.0 39. 0 40.5 36. 0 21. 5 6.0 
3 , 000 34. 0 43. 0 49. 5 55 . 0 56.5 44.5 33 . 0 10. 5 
4,000 40. 5 53. 5 62.0 67. 0 70. 5 61. 0 42 . 5 16. 0 




* Reference (142}. 
In the calculation of sol vent Reynolds number, the densit y 
and the viscosity of monochlorobenzene used w ere 1. 0095 gms/cc 
and 0. 756 cp, respectively, both of which were obtained from Toms' 
paper. 
Shaver (129} 
The only temperature data Shaver presented were on the flow 
curves obtained fr om the rotational viscometers. It was assumed 
that ali friction factors and velocity profiles were taken at the same 
temperature as the flow curve. Table XXII presents the tempera-
tures from the flow curves which were used in these calculations . 
Table XXII 
TEMPERATURE DATA FOR SHAVER'S SOLUTIONS 
Polymer Temperature (0 c) 
CMC-70 22. 2 
Alginate 21. 7 
CMC-70$ 23.9 
Carbo pol 22. 2 
FIB 25.5 
A ternperature of 22. 2° C was assumed for the PVA solution, 
as no temperature or flow curve was given. The d ensity of 
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cycl ohexane was calculated from the constants in T able V , and 
0 . 8892 was used for the viscosity when calculating solvent Reynolds 
n umber for the polymer solutions. 
The second problem encountered in re c alculating Shaver 's 
data is that no tab l e of physical dimensions, including diameter, was 
presented (only nominal diameters). ln his sample calculations 
Shaver gives two diameters. From velocity profile data a third 
one can be easily obtained. The others were obtained by calculating 
a diameter from every data point from the flow rate, friction factor. 
and shear stress at the wall us i ng the fo llowing equation: 
"" l 
I 0.25 8 a2 £ P • D = 




where Q is the flow rate in gpm . 
Equation (40) is obtained from rearranging Equat ion (7) 
after expressing V in terms of the flow rat e and D. 
By this e quation all his data were checked for consistency 
and typographical errors, and the a c tual diameters of a ll tubes 
were determined. Tabl e XXIII presents the nominal diameters 
and t he actual diameters of Shaver 's tubes· 
1. n Table XXUI w e r e used to c alc ulate The a c tual diameters 
all res ult s dis cussed in the literatur e review section. 
Table XXIII 
NOMINAL DIAMETER AND ACTUAL 
DIAMETER OF SHAVER'S TUBES 
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Nominal Diameter (in. ) Actual Diameter (in. ) 
182./1000 0.182. 
3/8 0.372 
1/2 0. 499 
5/8 0. 624 
3/4 0. 709 
The third problem arises because no average or bulk 
velocities were given along with the velocity profiles. However , 
the rheological constants and power law Reynold s number were given 
fot every run. Thus the average velocity he obtained was calculated 







f2 ( 3 + 1/n)'\ n] \- / 
' D _, 
1 
2-n ( 41 ) 
and compared to the value from a mass balance (i. e. , by iiltegration) 
in Table I. 
Finally, Shaver did not measure the value of the centerline 
veloci t y directly in most profiles nor present a table of centerline 
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velocities that he used in his calculations. In the cases where the 
centerline velocity was given in his data table, that value was used. 
1n the rest of the turbulent profiles the centerline velocity was calcu-
lated at every radial position from the tabulated values of U I U max 
or velocity deficiency and point velociti·es. The average was taken 
to be the centerline velocity. 
Wells (149) 
The data of Wells were obtained through the courtesy of Mr , 
W . D. Ernst (36a). Since Wells did not measur e the cente rline 
velocity directl y. that po i nt was calculated by fitting the five po i nts 
c los e st to the center of the tube with a l e ast squares quadratic , 
359 
Xll. ABBREVIATIONS AND NOMENCLATURE 











Constant in logarithmic velocity distribut10n equation, 
Eq . (10). 
Exponent in Mark-Houwink equation, Eq. (24 ). 
Particular sections of tubing across which pres sure 
drops were measured, as shown in Figure 36. 
Analysis of variance [d. reference (57)]. 
Constant in logarithmic velocity distribution equation, 
Eq. (10). 
Particular section o£ tubing across which pressur e 
drops were measured, as shown in Figure 36. 
Empirical correction to Logarithmic velocity distribu-
tion equation, Eq . (1 0 ). 
Empirical correction factor for kinetic energy loss and 
viscous entrance effects in capillary tubes, Eq. (34 ). 
Constant in Flory's equation relating expansion factor 
to fluid and Theta temperatures, Eq. (2 7 ). 
Concentration of incipient overlap of the average 
pervaded molecular volumes of polymer mo lecules as 
determined at infinite dilution. 




















Inside diameter of tube. 
Drag ratio defined as the rat io of the pres sure drop per 
unit length of the solution to that of the solvent at con -
stant flow rate. 
Deciliters ( 100 m 1 ). 
Fanning friction factor defined by Eq. (7 ). 
Gravitational acceleration constant. equal to 32. 178 
2 ft/ sec . 
Guar gum polymer manufactured by the Western Company. 
Power law constant in Eq. (2). 
Constant in the Rabinowitch-Mooney equation, Eq. ( 3 ). 
Constant in Mark-Houwink equati on, Eq. (24 ). 
Constant in Eq. (29 ), which r e lates intrinsic viscosity 
to molecular weight and the expansion factor. 
Boltzmann' s constant. 
Parameter specifying mode of vtb ration 1n the theory o f 
Rouse. 
Length between pressure stations. 
Napierian or natural logarithm. 
Common logarithm of base 10. 
Molecular weight. 
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Total number of possible modes of vibration. 
Newtonian fluid Reyno lds number defined by Eq. ( 6 ). 
Power law Reynolds number defined by Eq. (1 7 ). 
Generalized Reynolds numb e r defined by Eq. ( 18 ). 
Solvent Reynolds number defined by Eq. (22 ). 
National Bureau of Standards. 
Nominal size pipe threads . 
P ower law constant in Eq. (2 ), 
Number of .molecules p er unit volume 1n Eq. ( 3 1 ). 
Constant in the R abinowitch -Moone y equation, Eq. ( 13 ). 
Pressure . 
P olyisobutylene. 
Polymethyl methacrylate . 
Polyvinyl alcohol. 
Param e ter s p ecifying mode of v ibration 1n the theor y of 
Zimm. 
Parts per million parts by weight. 
F l ow rate. 
Inside tube r adius . 
Universal gas con stant. 
R adial distance from the centerline in a tube. 




























Root mean square end-to-end distance in a good solvent. 
Absolute temperature. 
Axial velocity at some radial position in a tube . 
Dimensionless velocity defined by Eq. ( 1 1 ). 
Friction velocity defined by Eq. ( 13 ). 
Centerline velocity. 
Average or bulk velocity. 
Volts - ohms -milliamperes meter. 
Volume fraction of solute in Eq. (25 ). 
Radial distance from the pipe wall . 
Dimensionless distance defined by Eq. ( 12 }. 
Expansion factor defined by Eq. (26 ). 
The i-th coefficient in a polynomi-al least squares equat10n. 
Difference, as 6P is difference in pressure. 
Random e rror or remainder in a least squar es polynomial. 
Solution viscosity. 
Solvent viscosity. 
Specific vis c osity, defined as (11-rts)I'Tls · 
Intrinsic viscosity. 
Theta or Flory temperature. 
Normal coordinate. 
Von Karman constant in Eq. ( 14 ). 
The kth eigenvalue of a particular integra-differential 









3. 14159 . 
Density. 
Explanation 
Shear stress in uni ts of M/Lta. 
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Relaxation time (eeconde) correeponding to the kth mode 
o£ vibration in the theory of Z irnm 
Relaxation time (seconds) corresponding to the pth mode 
of vibration in the theory of Rouse 
"~w Shear stress at the wall. 
Tl, -r2 , Ts Relaxation time corresponding to the primary, the second, 
and the fifth modes of vibr ation in the theory of Zimm. 
Constant in Eq. (28). 
Entropy Parameter in Eq. (25 ). 
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ERA TUM 
Equation ( 32 ) is incorrectly given as the equation of 
Zimrn for the non- free-draining coil. It is actually a modif-
ication of Zimm 1 s equation in o rd e r to introduce a viscosity 
(or concentration) dependence. Zimm 1 s original theory does 
not account for a viscosity dependence which is observed 
experimentally ( 132). 
